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ABSTRACT

A new dimensionless correlation for the prediction of thermal
contact resistance between similar metal surfaces in a vacuum environ-
ment has been developed in terms of known engineering measurements.
This expression was formulated from the results of an experimental
investigation using aluminum, brass, stainless steel, and magnesium,
with a wide range of test variables.

The dimensionless parameters for this expression correlated
the experimental data of this investigation and published data within
an average overall rms error of 24 percent or less for most of the
data. These experimental data included mean junction temperatures of
~250°F to 500°F, apparent interface pressures of 10 to 7,000 psi,
surface flatness deviations of 15 to 4,500 microinches, and surface

roughnesses of 3 to 120 microinches.
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CHAPTER 1

INTRODUCTION

Energy transfer in solid materials has been studied both
theoretically and experimentally for many years. These studies
have resulted in the development of techniques for the prediction
of heat transfer in solids. In contrast, however, similar studies
have produced few established techniques for the prediction of
energy transfer between contacting solid materials.

That resistance to heat’transfer exists between contacting
solids has long been acknowledged. This thermal resistance varies
considerably, depending upon the mechanical and thermophysical
properties of the materials composing the contact, the surface
conditions, and the interstitial fluid or filler. In addition to
these variables, the mechanics of the contact also effect the heat
transfer. When two surfaces are held together under pressure, the
effective contact area is componsed of many small points which con-
stitute only a fraction of the total surface area. Considering a
microscopic section of this contact area, the modes of heat transfer
across the interface would be:

(1) Solid conduction through the effective ccntact area;

(2) Gaseous, molecular, or other conduction through the
interstitial fluid or filler; and

(3) Thermal radiation.



The thermal contact conductance is defined as:

- q/A
c T1 - T2

(1-1)

where T, and T. are the temperatures of the bounding surfaces of the

1 2

contact gap, and q/A is the heat flux per unit area. The contact

resistance would then be defined as:

T, - T
_ 1 _ 71 2
R "ha- q (1-2)
c
where
_ 1
Rc-_]_.___l_l__l__l_ (1-3)
R R R
s f r
and
Rs = resistance due to solid conduction,

R_ = resistance due to interstitial substance
conduction or convection,

Rf = resistance due to radiation.

In order to make a complete theoretical study of the problem of
contact conductance, each mode of energy transfer should be considered.
_ A vacuum environment minimizes the resistance due to energy transfer
by the interstitial fluid. Since the conductance due to radiation be-
tween the contacting surfaces is usually negligible, the primary con-
tribution to the contact resisFance would be due to solid conduction.
Hence, an investigation conducted in a vacuum environment would permi:c
the experimental contact resistance results to be analyzed in terms of
conduction through the contact region alone.

The need for thermal contact conductance values has led to a

number of analytical and experimental investigations, as evidence by



the bibliographies of Atkins [9]*, Gex [40], and Vidoni [80]. 1In
addition, critical reviews of the status of experimental and analytical
developments in the area of heat transfer across interfaces in contact
have been presented by Hudack [47], Minges [58], and Thomas and Probert
[76]. 1In spite of all the published work, however, there have been
relatively few attempts at correlation of the existing experimental data
or at prediction of contact conductance.

The few investigators who have attempted such prediction have had
to resort to mathematical and physical models combined with experimental
procedures to determine actual conductance values. The analyses of
Clausing and Chao [19, 20] and Fenech and Rohsenow [31l, 32] have met
with some success, yet their equations, using specific constants, have
a very limited range of validity. These and other theories will be
analyzed and compared with experimental data in a later section of
this work.

The objective of the present study was to develop a generalized
expression for the prediction of contact conductance values in a
vacuum. This relationship was developed in terms of known or easily
determined physical properties for similar metallic surfaces in con-
tact, Experimental data were obtained in a vacuum environment for
several test materials over a wide range of junction temperatures

and loads. These data were analyzed and used to determine the necessary

* Numbers in brackets designate references cited in the bibliography.



empirical constants for the generalized equation. Previously pub-
lished experimental data were also analyzed and compared with the
predicted results. .
The newly developed equation was then compared with two of the
more recent analyses of contact conductance. It appears that the
present expression more accurately predicts contact conductance over
a wider range of conditions. Furthermore, the dimensionless para-
meters developed herein permit good correlation of a large amount of

published conductance data.



CHAPTER II
REVIEW OF PUBLISHED THEORETICAL ANALYSES AND

EXPERIMENTAL INVESTIGATIONS

One of the first expressions for the thermal conductance between
contacting surfaces was developed by Kottler [52] in 1927. He drew
upon the electrical analogy of the constriction resistance for a
single contact and extended this for multiple contacts. Simplified
empirical correlations have been developed for contact conductance
as a function of applied load [6, 16, 44, 46]; other correlatious
are slightly more complex and include material properties and surface
conditions. Although there have been many attempts to correlate
experimental contact conductance data with theory, very few of these
theories have been found suitable for prediction of conductance values
at conditions other than those on which they are based. The theories
which resulted in some successful correlations between analytical
studies and experirental data are presented and analyzed here. Pub-
lished experimental data are also analyzed for comparison with the
more successful theories. The results of these comparisons are used
to establish criteria for an equation to predict thermal contact

conductance.

I. PRESENTATION OF THEORIES

A majority of the analytical studies of contact resistance



originate with heat flow through a single idealized contact. These

analyses are then expanded in a number of ways to include real contact
situations with multiple contacts. The contact resistance solutions

associatea with the basic single contact model are presented here for
comparison. The mathematical models and assumptions employed in some
of the more important experimental-analytical investigations are then
ceveloped in a consistent nomenclature with discussion of their appli-

cations and restrictions.

Resistance of a Single Contact

The contact or constriction resistance induced in an electrical
conductor exhibiting a discontinuous reduction in cross section was
originally solved by Kottler [52Z] using the classical electrical
analogy. The flux lines were approximated by hyperbolic curves in
the contacting samples, thus defining eliptical isotherms. The
resultin. constriction resistance was given as:

1

Rc N 2ka

(2-1)

Clark and Powell [18] derived the constriction resistance
equatic.. by considering heat flow between two semi-infinite regions
in contact at a peirt of radius a. Their solution, obtained by
applying transform techniques to the Laplacian, resulted in a temp-
erature field that could be used in the basic contact resistance

definition, equation (1-1). The resulting equation was given as:

R = (2-2)



Their results were then reduced to the form of the constriction

resistance given in equation (2-1), by assuming that the electrical

resistivity can be rep. iced by the reciprocal thermal conductivity.
Holm [46] extended the work of Kottler and proved that equation

(2-1) may be derived for a constant heat flux conditicn. That is:

1
Rc B o kh a

This solution was coupled with the assumption that the maximum

(2-3)

centerline temperatures best represented the axial temperature
profile.

The total constriction resistance for a singular isothermal
contact spot at the center of the apparent contact area was found

by Roess [64] to be:

R - 55_(_% (2~4a)
where
g(C) = 1 - 1.40925C + 0.795910C° + 0.0525419C"
+ 0.0210497¢” + 0.0110752¢° + . . . . . . (2-4t)

and C is the constriction number. This solution was developed cn
the basis of a constaat potential for either finite or infinite
length cylinders with an isothermal interface area.

The total constriction resistance of Roess was modified by
Jeng [51] to include the number of contact spots. The constriction

resistance was then written as:

g(C)

c | 2a kh Cn% (2-5)



where X is a geometrical modification factor dependent upon the
physical geometry of the contacting surfaces. For fixed values of
C, the constant X was determined as 0.47 by simulating the contact
geometry with an electrolytic tank.

For the limiting case of a single contact, all of the above

resistance excressions reduce to:

e T Bk a (2-6)

where B is a function of C. This single contact model served as
a basis for the metallic conduction component of the contact resist-

ance in most of the following experimental-analytical theories.

Cetinkale and Fishenden

One of the first amalytical studies cf thermal contact conduct-
ance was presented by Cetinkale and Fishenden [17] in their extension
cf the single contact model using Southwell's relaxation technique.
The authors assumed that if two parallel, relatively smooth surfaces
were held together under pressure, the points of actual physical
contact would be uniformly distributed over the contact interface.
They also assumed that at some distance from the interface, the lines
of heat flux would be parallel, converging toward the contact points
as the inteiface was approached. This would occur because the thermal
conductivity of the surrounding fluid would be much less than the
metallic specimens. The lines of heat flux convarging to ovne contact
spot would form an inaginary elementary cylinder as shown in Figure

2-1. The ratio of the fluid thickness to the elementary cylinder



diameter is quite small, hence radial bheat flow through the fluid may
be neglected.

The model for analytical study, then, was assumed to be a
cvlindrical column of radius b, with a centrally placed circular
spot of radius a surrounded by a fluid of thickness GCF’ as shown
in Figure 2-2. 1In order to assume an isothermal contact surface
with radial symmetry, the protuberances of the contact spots were
assumed proportional to the thermal conductivity ratios k2/(k1 + kZ)
and kll(kl + k2)° With these boundary conditions, it was possible
to use relaxation techniques to determine a steady state temperature
solution to the Laplace equation. The heat transfer through the
contact spot was determined by subtracting the heat transfer through
the fluid from the total heat transter, which was calculated by using
the temperature gradient at some distance from the interface. The
dividing flow line in Figure 2-3 represents the separation point for
heat flow through the contact and heat flow thcrough the fluid.

Cetinkale and Fishenden specify one of the isotherms found by
the relaxation technique, the no-contact isotherm, to be coincident
with the plane of the interface if no gap exists between the solids.
The difference between this isotherm and the planz of the interface,
as shown in Figure 2-3, would yield the temperature drop caused by
the contact. The thermal contact resistance was then calculated from
the heat flux through the interface spot and fluid, and the tempera-
ture drop caused by the contact.

As a result of their analysis of this simplified contact model,
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12

the thermal coatact conductance is given as the sum of the conduct-
ance for the interstitial fluid and the conductance through the
metallic contact points. Treating the resistances in parallel, the

total contact conductance was given as;
a kh

h = —— + 4, r,-a (2-7)
CF b2 Tan 1 ( d )

a

where ry is the radius of the 2ividing heat flow line. The results

for the solid resistance would then be:

r
_ 1 -1 /'d -a
Rc T mak Tan ( a )

By permitting (rd - a) to approach infinity, the equation reduces to
the basic constriction resistance as follows:

r, - a

d-a)*m mTak Tan

_ 1
c  (r b 2 kh a

This result is identical with the contact resistance for a single
contact with constant heat flux boundary conditions developed by
Clark & Powell, i.e. equation (2-2).

A more useful relationship for the conductance may be developed

by eliminating r, from equation (2-7). The resulting conductance

d
expression includes the conductivity of the interstitial fluid:

//[ ﬂbz kf
b - ——

d 6CF hc

La]
]

(2-8)



13

This same relation in non-dimensional terms is given as:

U=1+ - - (2-9)
K Tan {-E /(1 -'ﬁ') -1
h GCF
where U = Conductance Number = —{E——-
f
C = Constriction Number =~%
ke
K = Conductivity Number =-E;
6CF
B = Fluid Thickness Number = —B_

An experimental investigation was conducted by Cetinkale and
Fishenden at atmospheric conditions using steel, brass, and alumi-
num specimens with ground surfaces and varying degrees of roughness.
Air, spindle o0il, and glycerol were used as interstitial fluids.

The authors stated that the conductance for smooth contacts can be
estimated with sufficient accuracy for practical purposes using
their equation. They also indicate that in order to use their equa-
tion for contacts of surfaces with other types of finish, it would
be necessary to determine the appropriate constants either experi-
mentally or otherwise.

Determination of the equivalent fluid conductivity for the
Conductance Number proves to be quite difficult. For an inter-
stitial gas, if the gap height is large compared to the mean free
path of the gas particles, and the temperature is low enough, there

will be no lack of accommodation at the surfaces. The conductivity



of the equivalent fluid may then be considered as the normal tempera-
ture-dependent conductivity. At low vacuum pressures, on the order
of 10-5 Torr, the conductivity of the interstitinl gas would be
extremely small and may be considered negligible.

For contacting surfaces of the same material, the harmonic

mean thermal conductivity of the sclid would be:

2 kl k2

by, = (k] + k) = k =k

Hence, the Conductivity Number would range from a very small number
to a negligible term for vacuum conditionms.
The Constriction Number, a/b, is equivalent to the square root of

the contact area ratio. That is:

C ===V
b
The Constriction Number may also be related to the pressure at the
interface and the Meyer hardness, which is the average resistance
per unit area against indentation. Since the softer of the two
metals will flow plastically as pressure is applied, until the mean
solid spot pressure is equal to che Meyer hardness, the resulting

substitution is:
C =Vo— for plastic flow.

For smaller pressures, the metallic flow would be elastic and the
area of the solid spots would be given by Hertz's equation [77].

The resulting substitution would then be:

14
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- 1/3 2/3
C = \/(Pmax P ) for elastic flow.

B’

It was found that the hardness of a metal would decrease with the

time of application of the test load, although at a continually
decreasing rate until a new limit is reached. It was also noted
that the temperature would effect the rate of hardness change; thus
detailed information would be required for each type of metal tested.
The Fluid Thickness Number, EEE , 1s composed of two variables
not readily available. Cetinkale agd Fishenden specify ¢ as a
constant independent of pressure up to 800 psi. At further increased
pressure, the effects of any change in GCF on the contact conductance
would be very small. The radius of the elementary cylinder was T4
for the case of no heat transfer across the interstitial fluid and
b for the case including heat transfer through the interstitial fluid.
These radii were assumed to depend upon the Constriction Number and
the wave length of the roughness deviation of both surfaces. Cetin-

kale stated that dimensional amalysis and results of their experi-

mental investigation led to the following relationship for b:

b = 0.0048 (FD1 + FDZ)C

At zero pressure, the equivalent gap dimension was then deter-

mined by assuming:

§. = “t
CF h
Cc

This 5CF would be equivalent to the distance between geometrically



smooth parallel planes. For their experimental results, 6CF could

be approximated by the relationship:

GCF = 0.61 (RDl + RDZ)

The values for both b and 6CF were found to be independent of the
nature of the metallic specimens and the inteistitial fluids.

The Conductance Number, U, varies widely depending upon the
interstitial fluid thickness and conductivity. It also depends upon
the radius of the elementary cylinder and the contact area ratio.
Thus the Conductance Number, or the dimensionless contact conductance,
is more complex than the basic equation for contact conductance.

In order to ascertain the practical usefulness of the empirical
relation presented by Cetinkale and Fishenden, an attempt was made to
correlate currently available experimental data and determine the
appropriate constants to predict contact conductance values. This
analysis met with little success for experimental data at vacuun
conditions.

It is difficult to assess the validity of an empirical relation-
ship without access to the experimental data irom which it was form-
ulated. There seems to be little foundation for the assumption that
the film thickness is independent of pressure. For experimental
tests at atmospheric conditions with interstitial fluids, a film
thickness independent of pressure may have been satisfactory; how-
ever, when extended to a vacuum environment, the film thickness or
surface gap parameter appears to be pressure dependent. Furthermore,

as will be shown later, the no-load conductance is not necessarily the
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true fl'1id conductance, and this assumption could result in sub-

stanrtial errors. A finite solid contact may still remain at no-load
conditions, which would contribute to the no-load conductance along
with the radiation transfer. Only when the contacting surfaces are

slightly separated can the itrue {luid conductance be delermined.

Tachibana

Another analytical-experimental treatment was advanced by
Tachibana [74], in which the combined thermal contact resistarce of
the solid contact and interstitial fluid was expressed as an equi-
valent length of material. Although different contact conditions
woula be created every time a contact of two surfaces was made, the
author assumed that the surface could be represented by a regularly
oriented series of peaks and valleys. More peaks were allowed to
come into contact as the interface pressure was increased, limited
to the point at which plastic flow would occur. Secondly, he assumed
that the heat flux lines across the gaps caused by ghe valleys were
parallel, permitting the analysis to treat the resistance as inde-
pendent of the shapes of the irregularities.

These preceding assumptions allowed development of a multiple
contact model similar to the single contact model, as shown in
Figures 2-4 and 2-5. Several different surface length parameters

are defined as a result of this model, assuming a sufficient number



Figure 2-4. Microscopic View of Contact Interface.
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of protrusions exist in a unit length of surface. The gaseous con-
duction was assumed to be proportinnal to the ratio of the effective
gap width and the gas conduc.ivity.

Tachibana suggested that the thermal contact resistaace could be
represented by an equivalent length of material. This equivalent
length, when soldered between the interfc ‘e surfaces, would result
in the same resistance at the original contact. The contact resist-
ance multiplied by a harmonic mean thermal cc.ductivity of the
metallic specimens and by the anparent contact atrea would be tle
equivalent length; that is:

L = A R =E

Thus, the resulting expression for equivalent length in terms of

material properties and test conditions would be:

k A k
i 1 _ 1 7f "¢ 1l s
I = 13 S % & Y I % (2-10)
T 2 s s

where FT is the average of 51 and 62, and 62 is a small length
correction for any additional resistance whkich might occur due to
oxides on the metallic contact surface.

The principle purpose of Tachibana's research program was to
determine the effects of surface finishes. Tests were conducted at
atmospheric conditions with gun-metal specimens for three different
degrecs of surface finish. Air, oil, and parafin were used as

interstitial fluids. Results of the experimental investigation

allowed simplification of equation (2-10), since the conductivity
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ratio for oil and air-filled gaps ranged from 10—4 to 10-3. The

resulting expression for equivalent lengt.. -vould be:

A k

1 c 1 f

(—F=) —+ — +— (2-11)
5T + 62 £ GT ks

The resistance to snlid conduction may then be written in the form:

st + O

Rc = kﬁn a2

As the surfaces become smoother, (GT + 61) will approach the magni-
tude of the contact radius, and the expression reduces to equation

(2-3); that is:

Lim

) GT + 62 .
c (GT + 6

1
{ 1=
)>a kﬁn a2 T kh a

Thus, in the limiting case, the multiple contact approach used by

L

Tachibana yields the same constriction resistance as the single
contact model.

The process of contact was assumed to be similar to the action
ci & Brinell hardness test, hence the contact area ratio could be
related to a function of the apparent pressure and hardness. This
approximation was z:sumed by Tachibana to be suitable for surface
regions of plastic flow, and the contact area ratio was:

A P
- a

A EHy

a

The value of £ was not knowa but was assumed to be independent of
Pa and dependent on the shape of the irregularities of the surfaces

in contact.



Equation (2-10) may be revised to include the relationship for

contact area ratio. The resulting conductance is:

P k
Be 7 (akh+ STHE Y 5
p+ %) s Hy T

(2-12)

For a material of Brinell hardness 115, the contact area ratio
ranged from 1/11,500 at fifteen psi to 1/115 at 1,500 psi, assuming
£ was selected as 1.0. As a result of the range of the contact
area ratio, Tachibana assumed that GT could be considered almost
a constant for the range of pressures investigated. The final
experimental results indicated that the relation between Pa and L was
hyperbolic, and that between Pa and 1/L was linear. It was also noted
that a more realistic value for & would have been 2.5 At zero
pressure L was not infinite but finite due to heat conduction through
the interstitial fluid. Although it was not possible to pradict
contact conductance using equations (2-10), (2-11), or (2-12), the
author stated that these relationships did give quantitative agreement
with his experimental results in general.

Tachibana found that smoother surfaces usually reduced the
resistance. This was due to the fact that a smaller gap thickness
was associated with a smoother finish, while the area of direct
contact remained approximately the same. Poor agreement was found
when comparing theory and conductance results from smooth surfaces.
The agreement improved, however, as the surfaces became rougher.

The lack of agreement for tlie smooth surface data may be

accounted for in several ways. As the surface becomes smoother,



the effective gap parameter becocmes small and convection by the
interstitial fluid is minimized. Large deviations often cccur in
experimental conductance data for smooth surfaces. Further,
Tachibana indicated that the manner in which the surface parameter
was defired could be in error by factors of two or more for smooth
surface finishes.

An attempt was made to apply the analytical-empirical relations
of Tachibana to recent published experimental data. In this
analysis, several questions arose as to the interpretation and use
of the unknown factors. The preliminary assumptions made to
determine the physical contact model are in themselves satisfactory
for the purpose of the experimental investigation. The general
determination of the factors 62 and £ is difficult, since they were
found from the experimental data and may only apply to one particular
set of data.

The values for the surface parameter GT were determined from a
regularly machined model 2~ ! would not be entirely suitable for a
surface with randomly oriented contact spots cf different heights.
Tachibana also assumed that 6T was constant over the range of inter-
face pressures investigated. As in the case of Cetinkale and
Fishenden [17], this assumption of a film thickness independent of
pressure may be satisfactory when using intersticial fluids; how-
ever, it would not be accurate when extended to vacuum conditioms.
Clearly the experimental-empirical relation was developed for

experimental data obtained at atmospheric conditions. When it is

22



23

used for data determined at vacuum conditions, the results vary by
several orders of magnitude.

Tachibana used the results of Weills and Ryder [81] to show
that his equation predicted the increase in equivalent length with
an increase in material hardness. It was also shown that a soft

A

matey with a low thermal conductivity would have a larger resist-
ance than a nard material. Further, when the hardness was extremely
high, the area corresponding to direct contact would be very small.
For his experimental investigation, Tachibanz used machined
surfaces with three different degrees of roughness. He has shown

that the surface parameter,$ for these surfaces can be calculated

T?
if the radius of the cutting tool and the feeding speed are known.

No consideration of flatness deviation as opposed to roughness
deviation was involved in the determination of GT. The value of §
was found on the basis of experimental results which were not con-
sistent, yielding a constant which was rather unreliable.

The equivalent length representation for thermal contact resist-
ance developed by Tachibana may be useful; however, his expression
in the present form is unsuitable for the prediction of contact con-
ductance at vacuum conditions. Further analysis of the equation
and comparison with experimental data might yield an expression for
the prediction of conductance values at higher interface pressures.

At pressures approaching zero, however, the form of the equation

would prevent accurate prediction of contact conductance.



Fenech and Rohsenow

The most basic method of analyzing the heat transport in the
simplified one-contact model involves rewriting the Laplacian
equation in cylindrical coordinates and solving the resultant zero
order Bessel equation with appropriate boundary conditions. The
problem of determining the heat transfer across a single contact
was solved by Clark and Powell [18) using the assumption of no
heat flow across the void area. The case of allowed heat transfer
across the void was solved by Fene.h and Rohsenow [31, 32] after
making several simplifying approximations.

Fenech and Rohsenow divided the simple one-contact model into
several regions, as shown in Figure 2-6, and the Laplacian equation
was set up for each region. Average boundary conditions were deter-
mined based on the following assumptions:

1) Only axial conduction was permitted across the interstitial
fluid;

2) The thermal conductivity of the metal was much greater than
the conductivity of the interstitial fluid, thus permitting heat flow
to channel through the points of metal-to-metal contact;

3) The points of metallic contact would increase in both size
and number as the interface pressure was increased;

4) The void space height was small compared to the distances
between contact points;

5) Radiation and convection in the interstitial fluid were

negligible;
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6) The contact geometry was idealized such that the true
number of contact spots were of equal size and uniformly distributed;

7) Each contacting specimen could he divided into a number of
imaginary elementa.y cylinders which transfer no heat to one another
and "feed" one solid contact spot apiece.

Solution to the Laplacian equation resulted in an expression
which incorporated the physical parameters of the contact (i.e.
number of contact points, real area *° contact, average thickness
of the voids) and the physical properties of the materials in contact.
Fenech stated that his expression would provide a method "for calcu-
lating the thermal conductance of a metallic contact for any combina-
tion of metals, surface states, and fluid in the voids at the temper-
ature and pressure considered."

The assumed approximations permitted a solution to the Laplacian

equation in the form:

k
(g—-;-g-)- [(l-oz)c + 1.1 C g(C) (% -11; )]+ 4.26 ¢ ht/?
h = 1 2 1 2
¢ K 5. 8 (2-13)
GOl @)
172 1 2
where 61 52
(4.26 a/2 T 41, 42602 T 4 1)
G = +
& ky
and
n = number of contact spots
/A
c a /
C = Aa 5 = o

f(C) = function of C, generally taken as 1.0 for C
greatar than 0.1.
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In equation (2-13), the first term in the brackets of the numerator
accounts for the heat flow across the fluid at the interface. The
second term in the numerator accounts for the heat flow through the
metallic contact spots.

Since the film thicknesses associated with actual surfaces are

not constant, the authors developed a weighted average film thickness:
61 = EE i=1, 2; kf # ki

where Bi is the volume average thickness associated with each sur-
face, determined as a surface function in cylindrical coordinates.

The authors conducted an experimental investigation to verify
their analytical results. A single contact cylinder was tested using
air, water, and mercury as the interstitial fluids. Contact conduct-
ance measurements were then made on an interface of roughly milled
armco iron and aluminum.

The practical application of equation (2-13) is dependent on
the evaluation of several unknown parameters. Fenech and Rohsenow
developed a technique whereby they could evaluate the unknown sur-
face parameters graphically. Profiles of the contacting surfaces
were measured along two perpendicular directions. These profiles
were transferred to transparent paper and superimposed upon cne
another to simulate pressure conditions. The volume average thick-
ness was determined by planimeter measurements of the void space

profile. The number of contact points was found by counting the
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contact points along the profile and dividing their product by the
area. The actual contact area was found by the product of the
widths of the contacts along the profile.

According to the authors, experimental results agreed with the
predicted conductance values within about 5 percent ovei a load
range from 100 to 2,600 psi for the iron-:iluminum contact. When
the conductance values were plotted as a function of apparent pres-
sure on log-log paper, they exhibited a linear increase with pressures
above 100 psi. The hysteresis observed on cycling the compressive
load was not accounted for quantitatively since neither elastic
deformation nor plastic flow was considered in the analysis. The
assumptions made by Fcnech and Rohsenow seem to be reasonable con-
sidering the results of their experimental investigation.

Physically, the difference between the results of this model
and analysis and that of Cetinkale and Fishenden [17] is shown in
Figure 2-7, as given by Minges [58]. The coupling boundary condi-
tions cause the heat flux lines to have a steeper s;lope near the
constriction. Thus the heat flux through the solid and void areas
at the interface plane is directly proportional to ks and kf, res-
pectively. This implies that the plane of the contact is isothermal,
and that the isotherms some distance from the junction seem to be
flatter and less distorted than those given by the Cetinkale and
Fishenden model. Some flattening should be expected due to heat
flow through the voids, but not to the extent shown by the Fenech

analysis. Experimental results of Fenech and Rohsenow, however,
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indicate that the initial approximations are of no serious conse-
quence.

An analog computer program for the evaluation of surface
profile parameters was developed by Henry and Fenech [45] in an
attempt to further the work of Fenech and Rohsenow. An experimental
investigation was conducted with stainless steel specimens at three
interface temperatures over a pressure range oi 300 to 20,000 psi.
Surface measurements were made and the profilometer traces, in terms
of analog voltages, were placed on magnetic tapes. The traces of the
two surfaces were then simultaneously fed into the computer in order
to determine the interface parameters. Using surface parameters for
similar surface fini:.aes determined in this manner, Henry states
that the maximum deviation observed in the calculation of contact
conductance with equation (2-13) was thirty percent. This large
deviation occurred at the higher loads where interface temperature
differences were on the order of one to three degrees Fahrenheit.
This approach yields good results. It is not feasible for the actual
prediction of conductance data, however, since each surface under
consideration must be completely analyzed and surface parameters
placed on tape.

Equation (2-13) may be simplified in a number of different ways.
At low environmental pressures, i.e. pressures less than 10-3 Torr,
the thermal conductivity of an interstitial gas or fluid is much
smaller than at atmospheric pressure. The ratio of fluid conductivity

to solid conductivity would become extremely small, permitting the
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assumption of negligible heat i .ansfer through the inter.titial
fluid. Hence, for vacuum conditions, equation (2-13) may be reduced
to:

4.26

h o = (1 - a) bvm
T ,4.20 ¢ 4.26 O 2-14
y g(_____1+1)+k(_.7.£+1) (2-14)

Il—-‘

This equation also may be used for dissimilar materials wit. differ-
ent surface conditions.
The resistance due to the metallic conduction part of the gen-

eralized solution for the one contact modl>1 may be written:

8; 9 1 1 ./ab

RYR Y%t 2
R = "1 2 ) Y
¢ o 2

T T™b

This expression was simplified [83] by permitting 61 = 62 = 6ER

and including the mean harmonic *hermal conductivity:

a +2 - 1
Ta i 17 ak $§ =a
m m

Thus, for the case of §-~a, the constriction resistance is slightly
greater than that found by Clark and Powell in equa“ion (2-2).

The analysis presented by Fenech and Rohserow is by far the
most detailed analytical study of thermal contact resistance. How-
ever, the resulting equations, (2-13) and (2-14), are not readily
usable for the correlation of experimental data of mos. investigations
due to the lack of required information for the determination of n,

B, and C. The graphical technique used to determine these parameters



is sati.rfacrory only for the particular surfaces investigated. The
attempt by Henry to provide these parameters by means of an analog
treatment has only led to a more comp.ex procedure fcr the predic-
tion of thermal contact conductance. An extension of the basic
theory presented by Fenech and Rohsenow will be presented in a later
chapter. The results of this extension simplify the prediction of
thermal contact conductance for apparent interface pressures of

=J0-800 psi.

s

Laming
It is interesting to note that Laming studied under Dr. Margaret
Fishenden at Imperial Collegz in London, and his analysis is basically
an extension ci ... work presented by Cetinkale and Fishenden.
Laming [55] chose to analy.e the single contact model and determine
the conduct: “a through the metallic contact spot and the conduction
through the interstitial flvid. He used contacting specimen. with
machined parallel grooves to obtain contact conductance data for the
development of a semi-empirical equation.
0a the basis of work by Bowden and Tabor [16] and Holm [46],
Laming assumed that since loads which can be supported by elastic
deformation are extremely small, the pressure on each contact spot
is equal to the indentation yield pressure, or the Meyer hardness.
In iddition, he considered a "constriction alleviation effect" which
woula account for the cas2s of extremely high loads and/or comparable

s0lid and fluid condvctivities.
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The conductance per unit area for the metallic spots, in teims

of the constriction alleviation factor, f, was then given as:

h = .i..k_s (2 E_)I/Z

s 1-~-f T HM

The thermal conductivity is the harmonic mean value.

The constriction alleviation factor was calculated from the
results of the analytical study by Roess [64]. He found that the
constriction resistance, R, associated with a contact spot of radius

a and an elementary cylinder having the radius of the dividing flow

line, could be determined from equation (2-4) with C = %-.
d
Laming assumed that for most cases the ratio %—-would be small,

d
and the constriction alleviat on factor could be approximated by

the first term of the series, i.e.,

f = 1.4093%— a_ <o.3.

d a

Sirce many machined surfaces may have a regularly pitched
ridging or waviness in one direction, the number of potential contact
noints would be the number of ridge-intersections available. Assum-

ing that the ridges would be situated at some angle, the number of

contact points at the interface was specified as n = sin a/klkz and

the metallic conductance became:

Z ks sin 6 P _.1/2

s T @W-o Saix, B
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Heat transfer across the interstitial fluid occurred only by

h

condurtion, sincz radiaticn and convection were considered t: he

negligible. Defining an effective film thickness parameter, t, the



fluid conductance per unit area was given as:

The resulting equation for the total contact conductance was:

h,=h +h = ki + (i lfhf) :)i\nxe P) 12 (2-15)
¢c 8 12 By

The resistance for the solid conduction may then be written as:

1/2
- 7 (—12
c 2k 7 inf P_

_(1_°_fl“l>\>
The above resistance equation may be reduced to equation (2-2), the
expression from which Laming started his analysis, by making several
sim;1ifying assumptions. The maximum number of contacts will occur

when 6= 90°, and the term in the parertheses may be replaced by the

appropriate contact area ratio. The resulting equation is:

=-—(]—'-—f)_
Rc 2k na
m

Allowing the constriction alleviation factor to approach zero, and
treating the single contact case, n = 1, the expression simplifies
to equation (2-2).

Ar experimental facility operating in an atmospheric enviromment
was usecd to obtain contéct conductance data. This facility was the
same as that used by Cetinkale and Fishenden. Steel, brass, and
aluminum specimens with peak-to-mean surface roughness ranging from
170 to 2,000 wricroinches were tested with interstitial fluids of air,

glycerol, and water
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Results of the experimental investigation were used to determine

a semi-empirical relationship for the heat transfer through the inter-

stitial fluid. This relationship,

k kf
h = 1.5 _— = 0-667 -_
s t

is usually expressed as a function of the gap dimension, § Since

CF*
GCF is difficult to ascertain, Laming chose as the gap parameter the
sum of the peak-to-mean distances for the two surfaces. In his
analysis, Laming assumed that the conductance of the fluid was inde-
pendent of the pressure, and that s/t was constant. It should be
pointed out here that although the contribution tc heat transfer by
radiation and convection were neglected in the initial analysis, th-=
effects may very well be included in the factor of 1.5 in the preced-
ing equation.

After further investigation of his experimental conductance data

on log-log plots, Laming decided that the contact conductance could

be represented by:

n
hc = h€ + J(Pa) (2-16)

where J is a constant. The value for n resulting from analysis of
the solid conductance was 0.50; however, a value of 0.667 best fits
the experimental data. The fluid coaduction component was determined
by subtracting a constant from the total conductance. These values
of fluid conduction agreed favorably with the direct experimental
daca of the conduction components obtained by varying the intersti-

tial fluids at constant load.
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Several deficiencies have been found in the use of equation
(2-15). 1In the region of most engineering applications, the pre-~
dicted values were somewhat higher than actual expe :imental data
obtained at atmospheric conditioms. TFor pressures on the order of
200 psi, the conductance was over-predicted by factors of 100 per-
cent or more. At pressures near 6,000 psi, however, the predicted
conductances compare favorably with experimental data. Further,
contact conductance values for interfaces with fine finishes had
proportionately lower conductances than the coarse finishes. These
deviations were accounted for by the increased apparent hardness
of the finer contact points, and the fact that the hardness is quite
dependent upcn the load. It should be pointed out that the experi-
mental data were obtained on machine-grooved suriaces rather than
surtfaces with randomly distributed contact spots. It appears that
the expression presented by Laming would be suitable for prediction
of contact conductance only at atmospheric conditions when surface
parameters and orientation are known, and even then, only in the
pressure range of 2,000 to 10,000 psi.

Since a majority of the surfaces exhibiting contact conductance
are smooth with no specific orientation, it is not possible to
determine a surface wavelength. Thus the original problem of deter-
mining the contact area is unresolved. Secondly, the relationship
of Laming is not suited for correlation of published experimental
data since very few, if any, authors give surface orientation. The
simplified form of the conductance, equation (2-16), has been pro-

posed several times [7, 16, 44] and has been found to fit available



experimental data only over a small range of pressure.

Clausing and Chao

A more recent theory for the prediction of thermal contact con-
ductance has been presented by Clausing and Chao [19, 20]. This
experimental-analytical relationship was derived for the one-contact
model as an extension of the constriction resistance theory of Holm
[46]. Like other investigators, Clausing assumed that the contribu-
tion to the heat transferred across a joint by convection and radia-
tion would be negligible in a vacuum, thus permitting the metal-to-
metal conduction to be the dominant mechanism. In a model such as
that shown in Figures 2-2 and 2-5, the comstriction of the flow of
heat to the small areas manifested itself as a contact resistance at
the macr scopic level.

The interface area was divided into two regions: the contact
region .nd the non-contact region. The contact region or macro-
scopic contact area was defined as that portion of the surface
where the demsity of the micro-contact areas was high. The non-
contact region, then, contained few if any microscopic contact
areas. The size of the regions was governed by elastic deformation
at the contact, since relatively low pressures are exerted in prac-
tical joints.

On the basis of these surface divisions, Clausing felt that the
constriction of heat flow at an interface could be represented by
t.n r_aistances in series: the macroscopic constriction resistance

& secopic constriction resistance. Analysis of the



microscopic resistance was based on the following assumptions:
1) Surfaces were free from films;
2) Microscopic contact areas were all circular and of
identical radius;

3) Contact areas were uniformly distributed over the region.
Clausing initiated the analysis by writing the microscopic
resistance in the form of equation (2-2) and extending this expres-

sion to include the number of contacts. Clausing also suggested
that this expression should be analyzed with a variable radial
temperature in the axial direction rather than the maximum center-
line temperatures used by Holm. Clausing combined this premise
with the solution of Roess, equation (2-4), and evaluated the con-

striction resistance. The resulting expression was:

Rs—-g_(_C-L
2 a kh n

Assuming that the asperities carried the load and deformed plastically,
the area of contact was represented as a function of the load and
hardness. This assumption* was also made by Cetinkale and Fishenden
[17], Tachibana [74], and others [44, 71]. The resulting relation-

ship for the microscopic interface conductance was:

k

- 2 _a . - 2 -
hmi = = ‘gHD ;—g-za-)- ; C 5 (2-18a)

or in dim2nsionless form:

s~

hmia

*n

* See discussion of the validity of this substitution on pages 64-65.

2 a 1
s 2 (2-18b)
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This relationship is similar to that of Boeschoten and van der Held
[15].

Clausing made some simplifying approximations in order to
estimate the microscopic constriction - - "istance. To account for
the decrease in resistance due to non-rircular areas and the increase
in contact area due to microscopic elastic deformation, a value
£ = 0.3 was chosen. The parameter g(C) ~as selected as unity, except
in cases of very smooth surfaces and extremely high interface pres-
sures. Microscopic contact areas were considered to be independent
of load. Simplifying equation (2-18b), the dimensionless microscopic

conductance became:

h .a yi4
a

% B

The principle model considered for analysis of the macroscopic

constriction resistance was again the single contact model. Heat
was permitted to flow in a cylindrical column of fixed radius -ad
constrained to flow through a smaller circular contact spot, as
shown in Figure 2-2. The Laplacian equation in cylindrical coord n-
ates, solved with asppropriate boundary conditions, was combined with
equation (2-18a). The thermal resistance of a constriction for both
the case of a uniform temperature contact and the case of a uniform
heat flux contact were solved numerically and found to be essentially
identical. Clausing stated that this result indicated that the
macroscopic constriction resistance was independent of the magnitude
and radial distribution of the microscopic constriction resistance.

The actual physical model used by C.ausing and Chao consisted
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of two cylinders in contact, with the contacting surfaces finished
to a convex spherical radlus of curvature. For this model, the

total macroscopic conductance was given as:

h = 2KnX _
ma T b g(X)

(2-19)

In order to determine the macroscopic area, Clausing chose to
use the radius of a circular contact between two spherical bodies
in elastic contact, solved by Hertz [77]. This relationship pro-
vides a radius variation as a function of load. With some simplify-

ing approximations, the constriction ratio became:

P4 q1/3
x = 1285 [DG) (2-20)
E' 'S
P CC
where (—%)6% ) was defined as the elasti. conformity modulus.
cC

Hence the macroscopic conductance was determined by combining equa-
tions (2-19), (2-4b), and (2-20).

Experimental values of contact conductance were determined for
stainless steel, brass, aluminum, and magnesium, in a vacuum, with
varying surface conditions. It was stated that good agreement was
found between the measured and predicted vilues for thermal centact
resistance for values of X less than 0.65. Beyond this point, the
macroscopic areas of the contact may be plastically deformed, and
the Hertz equation would no longer be valid. Good correlation was
found for fairly rough (200-400 microinches) surfaces; however, very
poor correlation was found for smoother surfaces. It should be noted
here that the agreement was with the dimensionless parameters of
contact conductance and elastic conformity modulus given in equations

(2-19) and (2-20).
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Film resisianc can be a significant factor. Tests by the
authors indicated that the interface conductance was reduced by a
factor of four or five as a result of surface films. Since it was
not possible to correlate or estimate with any certainty the surface
film re: istance, the relative importance of the macroscopic and
microscopic constriction resistances was examined. The ratio of

these resistances was determined to be:

) P
= ;‘H ) (2) (ES—XX) ) (2-21)
mi D

Perhaps the major contribution of Clausing and Chao to thermal
contact resistance was to predict and show experimentally the pre-
dominance of the macroscopic constriction resistance over the
aicroscopic constriction resistance. The ratio of macroscopic-to-
microscopic resistance ranged from a low of 29 for alumindm to a
high of 176 for magnesium.

Although the analysis of Clausing and Chao is uaseful for the
correlation of rontact resistance data, it is not very reliable for
magnitude predictions, particularly for smooth surfaces. This theory
will be discussed in more detail in a iater chapter, where comparisons

will be made with available experimental data.

IT. SUMMARY OF PUBLISHED EXPERIMENTAL DATA

In order to establish the correct magnitudes and trends for
thermal contact conductance values, the experimental data available

in the litcrature must be analyzed and compared to select the more



reliable data. There are 2 number of different ways in which this
analysis might be carried out. Comparison of magnitudes, slopes at
different pressures and surface finishes, and effects of mean junc-
tion temperature are a few of the characteristics considered in this
section. In many cases, investigators have not given all of the
information necessary for analysis. In some instances, assumptions
have been made in order to complete the data for this analysis. Since
th~ objective of the present work has been to predict conductance
values in a vacuum enviromment, only the data of investigations con-
ducted at vacuum conditions will be treated. Table 2-1 lists th:
experimental work reviewed with some of the pertinent characteristics
for each investigation. The corresponding experimental data used for

comparison with prediction equations are tabulated in Appendix A.

Preliminary Analysis

Ctudy of available published data indicates that there is not a
simple form or manner of describing the surface or gap depth. A
number of investigators have presented various expressions, and for
the most par., these expressions include some function of flatness
deviation and rms roughness. In order to compare the published data
a common expression must be usad.

A model for surfaces in contact w. . chosen to represent suriaces
with similar finishes as well as dissimilar finishes. These surface
combinations are shown in Figures 2-8 and 2-9. It waa desired that

the smooth-to-rough surface combination (Figure 2-8) should yield the
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TABLE 2-1

EVPERIMENTAL INVESTIGATIONS REVIEWED

(Vacuum Lower than 10'-3

Investigator

Bloom [13]

Clausing & Chao [20]

Cunnington [22]

Fletcher, et al [33]

Fried [35,36,37]

Hargadon [43]

Smuda, et al [A9,70]

Yavonovich [84]

Metallic
Specimens

Aluminum 7075

Aluminum 2024
Stainless Steel 303
Brass Alloy 271
Magnesium AZ31B

Aluminum 6uol
Magnesium AZ31B

Aluminum 2024

Aluminum 2024
Stainless Steel 304
Magnesium AZ31B

Stainless Steel 304

Aluminum 2024

Alur .rum 2024
Stainless Steel 303
Magnesium AZ31B

Torr)

Temp.
Range
(°F)

-270 to 300

220 to
250 to
TR0 to
e tO

60 to
60 to

-50 to

90 to
90 to
75 to

250 to

-255 to 300

450 to
500 to
470 to

240
245
340
215

250
150

300

220
390
105

260

515
540
500

Pressure
Range
(psi)

50 to 950

10 to
10 to
10 to
10 to

990
990
955
990

15 to 95
15 to 95

100 to 385

50 to 1130
30 t~ 1170
140 .o 5270

15 to 810

10% tn 1040

250 to 5900
250 to 4400
250 to 3600
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largest value of the surface parameter*, and surface combinations more
similar in nature (Figure 2-9) would result in smaller values of the
surface parameter. For convenience, it was also desired that this
surface parameter be a function of flatness deviation and roughness.
The total profile height of the surface roughness (peak-to-
valley height) was specified by Oberg [60] to be four times the rms
value. The flatness deviation is meusured to the centerline of the
roughness profile, or to the mean surface [60, 75]. Hence, the total
peak-to-valley height of a surface could be represented as the measured
value of the flatness deviation plus cne half of the total roughness
height, or FD + 2RD. Combining flatness deviation and roughness in
an additive manner has been suggested by se#eral investigatozrs [17,55,75].
Two similar surfaces placed together under load will overlap to
some extent (Figure 2-9). However, dissimilar surface combinations such
as a smooth surface against a rough surface (Figure 2-8) will overlap
very little if at all.* In either case, it is assumed that the contact
occurs at the mean surface interface of the smoother surface. This
mean surface is locatea at one half of the total peak-to-valley height
[60,75]. Hence, a surface parameter for a contact or an effective gap

between surfaces may be defined as:

d = (FD + 2RD)rough -1/2(FD + ZRD)smooth (2-22)
surface surface

For a contact of similar surfaces, the surface parameter or effective

gap is shown in Figure 2-9. For the combination of a smooth and

*

Experimental data presented in Chapter III have shown that conduct-
ance data for smooth-to-rough surfaces are lower than conductance
data for similar rough surfaces.
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rough surface, the resulting surface parameter would be approximately
the value of the rough surface, as shown in Figure 2-8.

This expression, then, is suitable for contacts composed of smooth
surface finishes against rough surface finishes, as well as for sur-
faces with similar finishes. Also important is the fact that it is
formulated in terms of defined surface characteristics usually
measured and published.

In the published work on experimental contact conductance, a
discussion was presented by each investigator regarding the validity
of his data. Each author suggested that some data were questionable,
although the majority should be acceptable for further analysis. In
some cases in which deviations existed, it was possible to explain
these discrepancies as due to transient rather than steady state
.onditions. Typographical errors were also present in some of the
published works. Several sets of data were in error due to the
change in physical properties of the specimen during the course of
the experimental investigation. This ci.ange caused erroneous heat
flux calculations, and as a result, the conductance values were too
small. Several investigators have exper .enced and reported these
changes [19, 36, 69]. Other sets of dat.. were stated to have visible
oxidized surfaces due to prolonged storage before testing [20]. These
data were considered in this analysis; hcwever, they showed marked
differences from what would be expected for clean surfaces. Finally,
some contact conductance data included an interstitial grease or
flu... These runs were not counsidered as they were not pertinent to

the objective of this study. As a result of this ~.eliminary analysis



of the available data, some data were eliminated. A larger amount

of data, however, were still suitable for further analysis.

Comparative Analysis

The magnitude of contact conductance varies considerably depend-
ing upon the various characteristics and test conditions of the
contacting surfaces. The contact prcssure, mean junction temperature,
and surface parameter play extremely important roles. Thus, compari-
sons of the conductance values can only be in terms of order of
magnitude since it is highly unlikely that any two investigators
would have used all of the same test conditions. Experimental data
might be consistent, however, with other data of the same investiga-
tion. It has been found that better agreement exists between differ-
ent investigators for the rougher surfaces; hnwever, smooth surfaces
exhibit a sometimes unexplainable variation in magnitude. Curves
for contact conductance as a fuiwction of pressure were plotted for
magnitude and trend comparisons. Certain data points exhibiting
large deviations were eliminated as questionable data, since they
were not consistent with the other data of the same investigation.

A large amount of the published experimental data at vacuum
conditions has been obtained with aluminum test specimens. A re-
presentative sample of aluminum data with different surface condi-

tions and mean junction temperatures is shown in Figure 2-10%, which

* The codes for the data shown in the figures of this Chapter are
listed by the first letter of the authors last name and his
respective run number. These codes are also listed in Table 2-2.
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gives the magnitude of the conductance as a function of pressure.
One oxidized maguesium run is also included for comparison {20].

It may be noted that as the surface finish becomes smoother (i.e.,
roughness and flatness deviation become smaller) the slope increases
more rapidly. The curves suggest that the conductance will become
extremely large in the limit as pressure increases; however, as the
pressure becomes very small, it is difficult to determine whether
the conductance remains finite or approaches zero.

The curve of the derivative of conductance with respect to
pressure (for the data of Figure 2-10) is shown in Figure 2-11.
Analysis of these graphically obtained derivatives suggests that
the slopes of some data approach zero as the pressure becomes large
while the slopes of other data appear to increase as pressure be-
comes large. It is difficult to determine which of the data exhibit
the correct trend.

That both the contact conductance and its derivative should
approach infinity as pressure increases can be illustrated using an
expression for a single contact developed by Roess [64]. This
relationship, given in equation (2-4), may be simplified by using the
first two terms of the series expansion, g(C). The resulting conduct-
ance may be written as:
ho o= _ %

¢ T b (1-a)
b

In the limiting case, as pressure becomes large, the contact radius

a approaches b, and the constriction ratio approaches one. Hence:
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Lim Lim 2 kh
Pg> hc = a% a =2

ab m™ (1-5)

In a similar manner, it can be shown that the derivative of the

conductance with respect to pressure must also become inticite. The

derivative of the conductance with respect to contact radius is:
.d—hc. = _Z_k:h.___
da b2(1-%)2

Again, as pressure becomes large, a approaches the size ¢f b, and
dh

c -
I becomes large, or:
a
;izg dhc ) Lim 2 kh .
a da a+*b ,"bZ (1- g) 2
arb b

For good data, then, both the conductance and its slope should increase
as pressure becomes large.

It should be pointed out that at least one of the curves in
Figure 2-10 which exhibits a tendency toward a zero slope as pressure
increases was oxidized [20]. Oxide films are almost always present
on metallic surfaces [21, 27, 35, 82]. Fenech and Rohsenow [31] state
that the surface film does not appreciably affect the thermal resist-
ance. Clausing and Chao [20], on the other hand, suggest that for
the relatively small areas of actual contact, the film effects may no
longer be negligible. It appears from the present analysis that the
effects of surface fiims mav alter the slope of the conductance
pressure curve, depending upon the degree to which the surfaces are

oxidized.
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It is not possible to accurately extranolate the slope to the
region of the origin. A few curves suggest a zero value for the
slope, yet others indicate a finite value. It would appear, however,
that a majority of the data in Figure 2-11 indicate a finite value
for the slope at zero pressure.

The mean junction temperature is also a major factor to consider
in analysis o% published data. It appeurs that the conductance is
directly a function of temperature, as exhibited in Figure 2-12. Note
that as the temperature decreases, so does the magnitude of the con-
ductance. Although there has been little experimental work done in
this area, available data do suggest a marked change in the deriva-
tive of conductance with temperature as the temperature increases
from low temperatures to values near 300°F. In addition, the effect
of mean junction temperature appears when comparing the derivative
of conductance with respect to pressure at various mean junction temp-
eratures, as shown in Figure 2-13.

Although a surface parameter has been defined [equation (2-22)],
it is difficult to make direct ccmparisons with all data since the
surface characteristics of roughness and flatness have been measured
in different manners. An attempt has been made, however, to show
the trends that the data seem to suggest. The change in conductance
as a function of surface parameter at various precsures may be seen
in Figure 2-10. Note that at.similar mean junction temperatures
and constant pressure, the change in conductance seems to follow a
logrithmic pattern. The smoother surfaces exhibit extremely high

conductances while changes in the surface parameter for rougher
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surfaces yield a very small change in conductance, as shown in
Figure 2-14. The derivative of conductance with resmect to pressure,
compared with tiie surface parameter, is shown in Figur: 2-15 for
several sets of data. As the surfaces become smooth, the slope
approaches infirity, and as the surfaces become rough, the slope

approaches zero.

Acceptable Published Experimental Data

The experimental data of the imvestigators listed in Table 2-1
have been reviewed. Of the data presented bv these investigators,
only the bare junction results of aluminum, stainless steel, brass,
and magnesium were amalyzed. In this section, the experimental data
are discussed, indicating the reasons for eliminating certain runms
and the values selected to complete the amalysis of other runs. The
run numbers of the data that were selected are given in Table 2-2,
and the data are listed in Appendix A.

Bloom [13] has done extensive work at low temperatures using
aluminum 7075 test specimens. Only data obtained in ascending order
of pressure with at least four points in series were used in this
analysis, since some scatter existed in the data obtained at random
pressures. Data are listed by figure number in Bloom's report. The
thermal conductivity, coefficient of thermal expansion, and modulus
of elasticity were not specified; therefore, suitable values were
selected from the liter~*we [2, 12, 30]. The data of runs 5-3 and
5-6 were not used because they v~ ~ censistent with other data

given by Bloom. The dats »» .. 5~3 were obtained using oil
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TABLE 2-2

PUBLISHED EXPEXIMENTAL DATA

USED IN THE PRESENT ANALYSIS

Investigator Code Data Ruas

Bloom [13] B 5-1, 5-2, 5-4, 5-5, 5-7

Clausing & Chao [20] cc 1A, 2A, 5A, 6A, 7A; 3S;
1B, 2B, 3B, 4B; 1M, 2M, 3M

Cunnington [22] CN 5, 6, 7

Fletcher, et al [33] FL A2, A4, A6, A8

Fried [35, 36, 37] FR €5:1-6, 11-17, 134-41;

66:4-12, 31-6, 57-66, 88-92
Hargadon [43] H 2

Smuda, et al [69, 70] S 2, 3, 4; A2
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as an interstitial fluid. The surfaces for the bare junction test,
then, may have been slightly contaminated, causing larger conductance
magnitudes than other data at similar conditions. In the case of
run 5-6, it was stated that air was entrapped between the surfaces.
The remainder of the aluminum data were consistent with each other

as well as with the published data of other investigators.

Clausing and ChLao [20] have presented experimental conductance
data for brass, aluminum, stainless steel, and magnesium and have
included most of the pertinent material properties and test conditioms.
Values for the coefficient of thermal expansion were selected from the
literature [2, 5, 26, 79]. With a few exceptions, the experimental
data were consistent with each other. Aluminum runs 3A and 4A
exhibited considerably lower conductance magnitudes than their stated
surface parameters would suggest. Clausing indicated, however, that
numerous large surface scratches often present were overiooked when
measuring the surface parameters. The conductance curves for rumns
1S and 2S indicated larger slopes “han data of other investigators.
Run 3S, however, was consistent with other published data. The
magnesium data included one run with surfaces which were visibly ox-
idized (run 1M).

Cunnington [22] has presented limited data for aluminum and
magnesium. These data were not tabulated, so conductance values had
to be extracted from curves and are approximate at best. Modulus of
elasticity and coefficient of thermal expansion were not given;
nence values were selected from the literature [2, 26]. The surface

characteristics given resulted in conductance magnitudes which were



not consistent with other published data. These data could be
adjusted, however, by changing the surface parameter to allow better
correlation with the published data.

Fletcher, et al [33] have given experimental data for aluminum
2024, All of the necessary properties and test conditions were
available for data analysis. These data are satisfactory, except
for a few isolated data points.

Fried [35, 36, 37] has published a large amount of experimental
data with a wide variation in test materials. The results presented
in his first report [35] were not treated since insufficient surface
characteristics were given. The data considered are referred to by
year and run number. The mean junction temperature, modulus of
elasticity, and coefficient of thermal expansion were not included
in any of the reports. It was possible, however, to deduce a
value for the mean junction temperature, since the average tempera-
ture of each specimen was given. Based on this information, the
material properties could be obtained from the literature [2, 5, 26,
791].

Data obtained using an aluminum specimen that was annealed
during testing were not considered since the exact value of conducti-
vity was not known (runs 65:31-36, 66-70). Some data runs were not
consistent with other data of the same investigation nor with other
published data (runs 65:103-0, 149-52; 66:231-9). Other data runs
contained isolated points which deviated from the curve by factors
of two or more. These data points were discarced as questionable;

however, the remainder of the data in those runs were used (runs
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65:134-41; 66:31-6, 57-66). Surface characteristics for several
surfaces were given as measured by an optical flat, which increases
the possibility of error. Some of these data, however, could be
corrected by adjusting the surface parameter for one data point to
a value comparable to other published data, and noting that the
remainder of the data would then be consistent.

Hargadon [43] presented a limited amouant of data for stainless
steel. These data were extracted from a curve and are therefore only
approximate. Thermal conductivity and modulus of elasticity values
were not given; therefore, the values were selected trom the litera-
ture [79].

Smuda, et al [69, 70] presents experimental data for aluminum
2024. All of the material properties and test conditions for these
data were available for analysis. These data are consistent except
for a few isolated data points.

Yavanovich [84] presented data for aluminum, stainless steel,
and magnesium. These data were obtained for surface finishes with
a machined geometric pattern, hence, are not applicable to this
analysis.

Of the investigators reviewed, the experimental techniques and
results of some investigations appear to be more thorough or better
than others. The works of Bloom, Clausing and Chao, Fletcher, et al,
Fried, and Smuda, et al have generally resulted in consistent, usable

data.
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Results of Data Analysis

The trends suggested by this analysis may be erumerated as
follows:

1) The conductance shold increase toward infinity in the limit
as pressure becomes large, an& toward zero or a small finite value as
pressure tends toward zero (Figure 2-10). When dh/dPa curves are
extrapolated to zero pressure (Figure 2-11) and graphically integrated,
the resultant value of conductance generally approaches some finite
value as pressure becomes small. This may be partially explained as
the result cf the more pronounced effects of radiation as the energy
transfer due to conduction is decreased.

2) The derivative of conductance with respect to pressure
should increase toward infinity in the limit as pressure becomes
large, and toward a small finite value as pressure becomes zero
(Figure 2-11).

3) The conductance should increase as the mean junction temper-
ature increases (Figure 2-12).

4) The derivative of conductance with respect to pressure should
increase as temperature increases (Figure 2-13).

5) The conductance, as well as the derivative of conductance

with respect to pressure, should be greater for smoother surfaces

than for rougher surfaces (Figures 2-14 and 2-15).
ITI. COMPARISON OF THEORIES

The theories presented in the first section of this chapter were
analyzed in several ways. Some assumptions were first made to reduce

the equations to similar conditions. In this section, the theories



are compared with each oth.r and with published data obtained at
vacuum conditions. Finally, the results of this analysis and com-
parison with experimental data are used to show what trends and
characteristics should be-expected of a theory for the prediction

of contact conductance.

Application in Vacuum Environments

Considerable interest has been focused on contact resistance
problems occurring in aerospace applications. Most of the recent
thermal contact conductance experimental investigations have been
conducted at vacuum conditions. The usefulness of the foregoing
theoretical analyses, therefore, will be examined at these condi-
tions. The effect of convection is avoided in a vacuum environ-
ment, thereby enabling a more thorough experimental study of the
contact problem. Thus, in the discussion which follows, the gés
or fluid conduction terms will be eliminated from the conductance
equations and a comparison made between the solid conductance

expressions.

The expressions for the solid c¢Haduc.cance taken from each author

are given as follows:

Cetinkale and Fishenden [equation (2-7)]:

aly,
1l [rd - a]
a

h =
¢ b2 Tan

Tachibana [equation (2-11)]:

azkh

2
b (GT + 62)

h =
c



Fenech and Rohsenovw [equation (2-13)]:

.
h = =
¢ 8, 5, 1 .1 /o b
LteE YOS ti) e
1 2 1 2 '
Laming [equation (2-15)]:
h - ' sineP _1/2
c 1-£)"'n Alkz HM
Clausing and Chao [equation (2-19)]:
2 X kh P
_ _ a b ,1/3
hc = T e® X = 1.285 [E-%E'C—] X < 0.65.

In order to reduce the foregoing equations to a more useful form,
it is necessary to consider the physical contact situation. The area
of the total solid-to-solid contact may be written as:

Ac = n 7 a2
The loads which may be supported by the small contact spots in the
elastic deformation range are very small. Thus, it may be assumed
that the pressure at each contact spot would be equal to the yield
pressure of the softest contact surface. The yield pressure, how-
ever, is nearly equal to the Meyer hardness, and the load on the
contact in terms of known quantities may be written as:

F= HMAc - PaAa

The contact area ratio may then be written in terms of the
apparenc interface pressure. The contact area ratio would vary as

Pa if the simplifying assumptions concerning the Meyer hardness are
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considered valid [17, 58]. Should the coitact surfaces be very
smooth or the contact subjected to very low loads, the deformation
could be elastic. This would permit use of the Hertz equaticr for
elastic deformation [77], and the contact area ratio would be
proportional to Pa 2/3 [17].

There are, however, a number of factors involved in ac* :ally
expressing the solid-solid contact area as a function of compres-

sive load. A substitution for the contact area ratio often made is:

Ac P
0 = =—

- z—;—D (2-23)
where £ 4is an empirical deformation or accommodation coefficient.
This accommodation coefficient would be unity if full plastic flow
existed and no additiouai factors such as work-hardening or surface
films were present. The hardness number used should be either the
Vickers or Meyers value since these numbers are defined in terms
of the projected area of indentation, i.e., the area available for
heat transfer [58]. Generally, the value of the accommodation
coefficient is less than unity and is a rather complex function of
many factors. Providing the appropriate funztion is selected for
£ , «cruation (2-23) will be valid for both elastic and non-elastic
surface deformation.

The relationship involving pressure and hardness given above
(or a similar function of pressure developed by the investigators)

was combined with the conductance expreseion at vacuum conditions

to yield the following equations for similar surfaces:
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Cetinkale and Fishenden:

s~

h_ = - (2-24)

Tachibana:

h = a (2-25)

Fenech and Rohsenow:

“n Pa

h = (2-26)
c (ZGFq + 0.833a)¢ HM
Laming:
h = ?;—gﬂfy (ii: i "a y1/2 (2-27)
¢ 112 By
Clausing and Chao: P
=2 b_ 1/3
0.8175 kh E acc
h = -
¢ Ya b 1/3 vy “a b
b - 1-811 b [-E'a -O-C—C»] + 0.()2.’5 b [E— -S'C—(:-].o-
(2-28)

It has generally been assumed that the accormodation coefficients are
not functions of pressure. :

Each of the preceding expressions, equations (2-24) through (2-28),
is a function of pressure to some degree. It would be instructive,
then, to compare the behavior of these expressions at each of the
limiting pressures, as well as the mid-range values shown in Figure
2-10. Analysis of equations (2-24), (2-25), and (2-26) appear to
indicate a constant 310p;, dhc/dP, however, the possible variation of

8 or & with pressure could be included to ;rovide better agreement
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with experiment. Without this consideration the relationship of
Laming pives thc conductance as dependent on the square rc t of
pressure whereas the expression of Clausing results in the conduc-
tance increasing much more rapidly as pressure increases. At the
limit of zero pressure, all of the above expressions yield a con-
ductance cf zero. As load pressure increases all equations result
in an increasing value of conductance; however, the Clausing equation
approaches a large value more rapidly than the others, and the slope
also increases with pressure. +The Laming cquation apprcaches a
large value less rapidly than the other equations considered in the
comparison.

The conductance is not only a function of apparent pressure but
also of the mean junction temperature -- though temperature does not
appear directly in the above expressions. The temperature effect
shows up as a variation of the thermophysical properties of the test
material. Thermal conductivity is one of the properties which is
highly temperature dependent and is included in all of the above
expressions. It may be seen that the conductance varies linearly
with thermal conductivity and thus indirectly with temperature.

As the temperature increases, the conddctance increases, depending
upon the thermal conductivity-temperature relationship (Figure B-3).
Also, the contact area ratio varies inversely with the material
hardn2ss or modulus of elasticity. As temperature increases the
modulus of elasticity for metals decreases (Figure B-4), yielding

a larger contact area ratio.
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Another important variable affecting the contact conductance is
the surface condition or effective gap thickness. The surface con-
dition is generally a function of the roughness and flatness devia~-
tion and is represented in the above equations by several different
parameters. The expressions of Cetinkale and Laming are difficult
to analyze since no definite terms are directly related to the
effective gap thickness. The surface wavelengih and angle of
orientation are included in Laming's expression but are not com-
parable to the surface finish pérameters of roughness and waviness.
The expressions of Tachibana, Fenech, and Clausing do represent the
surface by an equivalent gap thickness between surfaces. Equations
(2-25), (2-26) and (2-28) indicate that the conductance is inversely
proportional to an equivalent gap thickness. Examining the equations
of Tachibana, Fenech, and Clausing for very smooth surfaces, the
expressions yield extremely large conductance values (or very low
contact resistance). For perfectly flat surfaces, the expressions
become infinite. These trends are also exhibited by the experi-
mental data. For the case of very rough surfaces, these expressions
. yield quite low conductance values (or high contact resistance),

again in accordance with the data.

Desirable Traits for Conductance Prediction Equations

Of the theoretical analyées presented, the expressions of
Tachibana, Fenech, and Clausing seem to be the most useful at vacuum
conditions. In particular, the relationships of Tachibana and Fenech

show the most similarity, but do not show many of the expected trends.
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If the accommodation coefficient in the Fenech and Tachibana equations
were permitted to be a function of pressure, surface conditions, and
temperature, perhaps closer agreement between data and theories could
be expected.* The derivatives of conductance with respect to pressure
and effective gap thickness would behave satisfactorily if the accommo-
dation coefficient were not a constant. The Clausing equation more
adequately represents the magnitudes and trends expected at the limiting
cases; however, the limitation of X = 0.65 imposed on the equation pre-
vents it from accurate magnitude prediction, as will be shown in Chapter
Iv.

In summary, an equation for thermal contact conductance should:

1) Reduce to an expression of the form

Re = Bka
in the limiting case of a single contact;

2) Predict an inciease in conductance with apparent pressure as
a function of Pn(n > 1). The derivative of conductance with respect
to pressure should tend toward a small finite value as pressure approaches
zero, and as pressure increases, the slope should become infinite;

3) Predict a relatively high conductance for smooth surfaces and a
low conductance for rough surfaces. The derivative of conductance with
respect to the surface parameter should indicate that the slope increases
as the surface approaches a perfectly flat, polished condition, and as
the surface becomes rougher, the slope should approach zero;

4) Predict an increase in conductance with increased mean junction

temperature.

Ay

*
A modified accommodation coefficient including these variables is
developed in Chapter IV.




CHAPTER III

EXPERIMENTAL 1NVESTIGATION

An experimental investigation was conducted to obtain contact
resistance data in a vacuum environment. Data were obtained for
aluminum, stainless steel, brass, and magnesium contacts with four
different types of surface finishes. Apparent interface pressures
ranged from 25 to 800 psi, and mean junction temperatures from -80°F
to 320°F. The experimental apparatus is described in the first sec-
tion of this chapter. Experimental data from the present investiga-

tion are analyzed in the remaining section of ithis chapter.

I. EXPERIMENTAL APPARATUS

The experimental apparatus used to investigate thermal contact
conductance was made flexible enough to subject the test specimens
to various environmental and physical conditions. The instrumenta-
tion incorporated in the apparatus was made sophisticated enough to
insure accurate measurement of the test conditions. General speci-
fications for the experimental apparatus were based on the experience
and recommendations of Blum [14], Clausing and Chao [19,20], Fried
[34,35,36,37], Stubstad [72,73], and others [38,48,50]. A photo-
graph of the thermal contact resistance test facility is shown in
Figure 3-1. A more detailed explanation of the construction and

operation of this test facility is given by Abbott [1] and Smuda,
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et al [69].

Vacuum System

A vacuum system was incorporated into the experimental apparatus
for two primary reasons. First, the interstitial fluid present in an
interface transfers heat across the junction by convection. It was
desirable to eliminate all modes of energy transfer but conduction.
Second, contact conductance is of vital concern to the space industry
because it has a substantial effect on the heat transfer in, and the
heat dissipation from space vehicles. Hence, it was necessary to
simulate a space enviromment as nearly as possible by using a vacuum
chamber for the investigation of interface conductance.

Ascoli and Germagnoli [8], Shlykov and Ganin {67], and Stubstad
[72] have shown that the convection or conductivity effect of gas
begins to decrease at approximately 70 Torr and measurably disappears
at 10.1 Torr. Other investigators have stated that a vacuum in the
range of 10-4 Torr is sufficient to negate the effect of interstitial
fluids. Since a small prezsure gradient exists in any vacuum fac-
ility [11, 24, 63], a system capable of operating in the range of
10-5 Torr or lower was constructed.

This vacuum system was composed of a bell jar and base plate,
an oil diffusion pump, a mechanical forepump, a chevron cooling
baffle, high vacuum valves, and appropriate vacuum measuring devices,
as recommended by Dushman [27], Lafferty [54], and others. Details
of the vacuum system have been given by Smuda, et al [69]. Operation

of the system generally yielded a chamber pressure on the order of



1 x 10.5 Torr after two hours of operation, and as low as 1 x 10-6

Torr after twelve hours of operation.

Test Specimens

Design of the test specimens was a major consideration for
several reasons. First, their size and shape dictated the design
criteria for most of the other test section components. Second,
the technique used to evaluate the thermal contact conductance
required uniform heat flux above and below the interfaces. Finally,
it was desirable to obtain as much data as possible for each speci-
men test, since the time required to reach steady state conditions
varied from three to twelve hours or more.

A basic cylindrical configuration was specified and fabricated
in three pieces.* These components were installed as a vertical
column under axial load with the contacting surfaces located at two
stations along the column. The completed specimen system was located

in the vacuum chamber as shown in Figure 3-2.

Apparatus Instrumentation

The validity of the results obtained by experimentation depends
greatly upon the accuracy of the instrumentation used. Instrumenta-
tion is required for the measurement of the heat flux (i.e., the
electrical power input), the force applied to the interface, temper-

atures, and other variables.

* Detailed drawings are given in Appendix B.
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In light of the requirements established by the heat source
location, the temperature criteria, and the dimensions of the speci-
mens, a 300 watt Acirawatt strap type circumferential heater was used
as the sou:ce. The heat source was insulated and surrounded by
aluminum foil to reduce radial heat losses. The heat sink was
constructed from a cylindrical copper block, drilled and tapped to
accept the threaded end of the metal test specimen. A copper cooling
coil was silver soldered to the outside surface of the copper cylinder.
Water and liquid nitrogen were used to provide a wide variation in
the test temperatures.

The source end of the specimen with band heater was insulated
axially and radially to minimize the heat losses. To shield other
components and further reduce the losses, an aluminum radiation
shield was located about one inch away from the insulated heater.

An aluminum cap was placed on top of the cylinder formed by this
outer shield to prevent radiation to the instrumented section of
the specimen. The axial insulator was composed of alternating
layers of one-sixteenth-inch aluminum sheeting and asbestos board
insulating material. Thermocouples were located in the aluminum
disks for monitoring the axial temperature gradient.

For better control of the heat losses from the source, an axial
guard heater was installed below the insulator. The guard heater
provided a positive means of controlling the conduction heat losses
along the specimen by accurate control of the temperatures on each
side of the axial insulator. This temperature control reduced the

time necessary for establishing steady state conditionms.
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A regulated d.c. voltage power supply was used to provide power
for the main heater [70]). Shunts were used to permit current and
voltage measurement on a millivolt potentiometer, thus increasing
the resolution of the measurements.

The apparent mechanical pressure applied to an interface has a
major influence on the resulting thermal contact conductance. For
load application to the test specimens, a high pressure nitrogen gas
bellows chamber was constructed as an integral part of the test
apparatus. The effect of load pressure was determined by varying
the nitrogen gas pressure in the bellows chamber. In the present
sense, apparent interface pressure is defined as the load force
divided by the cross—-sectional area of the cylindrical test speci-
mens. The load force was determined from a compression load cell

located in the specimen column, and a strain indicator.

Specimen Preparation

The finish of bare junction surfaces has a strong effect on the

interface conductance [13, 57, 84, 85]. Since one of the objectives

of this invegtigation was to obtain experimental data for the develop-

ment of a semi-empirical equation for the prediction of contact con-
ductance, it was desirable that a wide range of surface finishes be
used. Three different surface finishes were therefore selected for
each test material; one as smooth as could reasonably be obtained,
a second moderately rough, and a third extremely rough.

All surfaces were finished on a lathe, larped with a fine

lapping compound, as described by Smuda, et al [69], and polished
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on emory paper. The moderately rough surfaces were finished by
sanding the previously polished surfaces with '"3M" Garnett paper
(grade 7WCE2), yielding a surface with scratches of random orienta-
tion. An extremely rough set of surfaces was made by peening the
polished surfaces with a small bali-peen hammer. These three types
of surfaces represented a wide range of surface finish.

The surface finish is usually described by the rms, roughness
and the waviness or flatness deviation [4]. These are two separate
and distinct chara.ceristics. Surface roughness is considered to be
a measure of the finighing process. On the other hand, surface
waviness is considered to be the variations in the overall surface
configuration that result from such things as warping or periodic
oscillations in the finishing process.

The specimen surface measurements for this investigation were
made using both a Bendix Micrometrical Proficorder and Profilometer.
Since the results given by Proficorders and Profilometers represent
only one trace across the surface, several traces were made on each
type of surface to assure that the measured flatness deviation and
roughness would be representative of the surface. At least omne
trace was then made for each specimen surface used in the investiga-
tion. The resulting flatness deviaiion and roughness for the test

surfaces are listed in Appendix B.

Temperature Measurement

The accuracy of the determination of intecface contact resistance
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is greatly dependent on the accuracy of the temperature measurements.
Hence, .he precision of the thermocoupies and thermocouple readout
system were of major importance in the experimental program. Number
30 gage copper-constantan thermocouples were selected since they were
easy to fabricate and dependable over the range of temperatures from
-300 to 750°F. These thermocouples exhibited an accuracy of +0.5°F
when calibrated [69]. 7The thermocouple outputs were measured with a
Leeds and Northrup Model 8686 millivolt potentiometer. The uncer-
tainty of the potentiometer was five microvolts, which represents
0.2°F for the copper-constantan thermocouples through che range of
temperatures considered ([66].

Abbott [1] tried several techniques for the fabrication of
thermocouples and found that the best ~esults were obtained when
the bare parts of the wires were twisted tcge %“er tightly for about
one-fourth of an inch, the joint silver-scidered, and the excess
wire cut off to the point where the wires c.1st made contact. This
procedure was used for the construction of all thermocouples used
in this investigation. After the thermocouples were fabricated,
they were checked for continuity.

To measure the center-line .a2mperatures of t!.. specimen,
thermocouples were mounted in holes 0.046 inches in diameter and
0.531 inches deep. The leads were wrapped once around the specimen
to minimize heat losses through the wire [10, 23, 49]. The thermo-
couples were held in position by packing them in *he holes with
alumi im powder. A considerable amount of care was taken to insure

that the thermocoupie and insulation were not damaged during this



operation. The resistance of each thermo~cuple was checked before
and after installation. If the resistance vari<d between the read-
ings, it was assumed that damage had occurred and the thermocouple
was then replaced.

The surface temperatures were measured by placing thermocouples
‘n holes 0.046 inches in diameter and 0.062 inches deep, diametric-
1lly opposed to the middle center-iine hole in each specimen. The
leads were wrapped twice around the specimen for the purpose of

minimizing heat losses and for support of the thermocouple lead wire.

Tnermal Conductivity

Since the thermal conductivity of cluminum 2024 varies consider-
ably with heat treatmeut, experimental condv' .“vity data were obtained
for the aluminum used in this investigation to affirm the use of
published values [69]. The thermal conductivities for the other
test materials do not change appreciably with heat treatment; there-
fore handbook values were used. The conductivities tor aluminum Z0z4,

brass illoy 271, magnesium AZ3iB, and stainless steel 304 used in

this investigation are given in Appendix B.

Development Tests

The effects produczd by the installation of radiation shields,
guard heaters, and insulation, by polishing the surface of the
specimen. and by various heater installation techniques were
evaluated experimentally in a serles of tests conducted by Abbott

[1]. The tests were selected so that the results could be directly
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compared to indicate the re.ative effectiveness of each test section
configuration. Clausing and Chao [20] indicated that heat losses
trom the test specimens were a major source of concern because such
losses created a non-uniform heat flow. Hence, the reduction of surface
heat losses was the principal factor considered in deciding which of the
test section configurations was the most desirable.

A series of tests was performed using the experimental appara-
tus to determine a suitable test section configuration for the three
component specimens. Several different radiation shield combinations
were tested to determine which type of shield would minimize the sur-
face heat losses and permit a more uniform temperature gradient in
the test specimens. The resulting shields, composed of aluminum foil
and WRP Felt, were secured around the heated specimen, and a split
aluminum and mica disk was placed across the top of the lower shield
to completely enclose the heated specimen withoi:t touching it. A
photograph of the assembled test section is shown in Figure 3-3. Use
of this test section yielded relatively uriform temperature gradients

with minimum heat losses.

Test Program

To determine contact conductance values experimentally for
comparison with other data, several variables had to be measured.
The apparent pressure at the iaterface, the temperature gradients
in the specimens, and the power input were measured for each steady
state position. The length of time required to obtain steady state

conditions ranged from two to twelve hours for each data point. A



Figure 3-3. Photograph of the Assembled Test Section.




detailed explanation of th. operating procedure is given by Smuda,
et al [69].

The apparent interface pressure was varied from approximately
30 to 800 psi. The temperature in the center specimen was main-
tained at approximately 250°F when using the water coolant and 80°F
wner -ing the liquid nitrogen coolant. The power was varied as
necessary to maintain the appropriate temperatures in the center
specimen. The results of these tests are tabulated in Appendix B.

A heat loss calibration was made for each specimen material
in order to determine the heat flux in the specimens. This value
was found to compare favorably witn the heat flux calculated using

the thermal conductivity and temperature gradient.

II. ANALYSIS OF THE EXPERIMENTAL DATA

The experimental data of the present investigation were analyzed
in the manner described in Chapter II. Both the magnitudes and
trends of these data were compared with the criteria established.

The results for aluminum, stainless steel, brass, and magnesium are

presented here with discussion of their individual characteristics.

Aluminum

The contact conductance for annealed aluminum 2024 is shown as
a function of pressure in Figure 3-4. Data for all four surfaces
as well as different mean junction temperatures are given for pur-
poses of comparison. The spread between the conductance curves is

attributable to the wide range of both surface parameter (defined in
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Chapter 1I) and mean junction temperature.

Several check runs were made for the aluminum data. These are
noted by the flagged symbols in Figure 3-4. The manner in which
these check data points were obtained is given in Appendix B. It
should be noted that the check runs for the rough and smooth-to-
rough surfaces were repeatable within 5 percent. The check runs for
the low temperature smooth and medium surfaces were obtained at
pressures different from those of the original data, in order to
fill out the curve. These check data points fell within 7 percent
of the curve through the original data points.

The aluminum data exhibit the trends required by the criteria
of Chapter II. The conductance approaches infinity as pressure
increases, and as pressure tends toward zero, the data seems to
approach a finite value. Further, the effect of mean junction
temperature is apparent in that for similar surface conditions, the
low temperature curve is slightly lower than the high temperature
curve. The variations in the distance between the curves may be
explained by the variations in the range of the mean junction temp-
erature.

The derivative of conductance with respecc to apparent irterface
pressure (i.e., the slope of the curves in Figure 3-4) appears to
increase as pressure becomes large. This increase is more rapid for
the smoother than for the rougher surfaces. It may also be noted
that the slope increases for increased mean junction temperaturc.

A majority of these aluminum data appear to be acceptable,

although some scatter exists in the data for smoother surfaces. This



t.explainable scatter for smooth surfaces has also been experienced

by other investigators [19, 26].

Stainless Steel

Conductance data for stainless steel is shown as a function of
apparent interface pressure in Figure 3-5. The smooth and rough
contacts show little difference between the high and low mean junc-
tion temperature runs. The medium and smooth-to-rough contact
curves exhibit a much greater chz~_e in conductance with mean
junction temperature. These differences may *- attributed to the
variation of thermal conductivity with temperature, and the magni-
tude of the mean junction temperature.

The data are relatively consistent and exhibit the trends
which would be expected. The trends of the conductance and deriva-
tives of the conductance with respect to pressure, temperature, and
surface parameter behave in the same manner as those for the aluminum
data.

The stainless steel data appear to be among the most accurate
and consistent of all the data, and satisfy the criteria established

in Chapter II.

Brass

The brass data are presented as a function of apparent interface
pressure in Figure 3-6. Like aluminum and stainless steel, the
conductance and derivatives of the conductance are consistent wit..

the criteria established in Chapter II. Note that the effect of mean
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junction temperature is quite prominent. The average difference be-
tween mean junction temperaturc for hot and cold data of the same
surface is approximately 175°F. This difference in temperature
causes Lhe spread in the curves. As expected, the smooth surface
curves approach infinity more rapidly than those for the rougher
surfaces; however, all curves show an increasing slope with in-
creasing pressure.

The brass data, then, are consistent both in trend and magnitude.
These data also appear to compare well wi.th the trends of the alum-

inum and stainless steel data of this investigation.

Magnesium

The conductance data for magnesium AZ31B presented as a function
of apparent interface pressure in Figure 3-7, are not as consistent
as those for the other test materials. Prior to the experimental
testing, it was noted that a slight oxide film was present on the
smooth and medium surfaces. The surfaces were then polished and
thoroughly cleaned, but the effect of the surface film apparently
was not completely removed. The presence of a visible oxide film
on magnesium surfaces was also noted by Clausing and Chao [20].

The eifect of this film on their experimental data was treated in
Chapter 1I.

The low temperature data for the smooth surface do not agree
in magnitude with the high temperature data. However, the slopes
of the two smooth surface curves do show good agreement. The
disagreement of the smoother surface data resulits from a discrepancy

in the tewperature drop across
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the interface. Specific reasons for this discrepancv have not been
found, although several possibilitic¢., exist. The smooth surfuces could
have been contaminated, or the surfaces misaligned. The data may

have been taken at other than steady-state conditions; however, results
for the medium surfaces appear to be satisfactory.

The slopes of the curves for magnesium in Figure 3-7 appear to
increase as pressure becomes large. The effects of mean junction
temperature and surface parameter are also apparent. The trends
exhibited by these magnesium data compare favorably with the criteria

for experimental data established in Chapter II.

Dissimilar Metals

Although *he objective of this work was n~c to study the effects
of dissimilar metals, a series c¢cf data wire chbtained for two aruminum-
stainless steel junctions. These junctions were .:.ompcsed of a smooth
stainless steel surface against a rough aluminum surface (SS1 =+ ALS),
and a rough aluminum surface against a rough stainless steel surface
(AL6 -~ SS7). The eat flux passed from stainless to aluminum and
from aluminum to stainless, respectively. The resultant data are
tabulated in Appendix B and shown graphically in Figure 3-8.

The results appea~ to be consistent in that the data fall in a
smooth curve. The slope of these curves, like those for similar
metals, increases as pressure becomes large. The magnitude of the
smooth-to-rough data is larger than that cf the rough surface data,

in contrast to the data shown in Figure 3-4 through 3-7, as if the
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surface parameter for the harder material is predominant.

Summarx

The experimental contact conductance data for aluminum, stainless
steel, brass, and magnesium are consistent and behave as expected, with
few exceptions. These data compare well both in magnitude and trend
with the criteria established in Chapter II. These results were used
to establish the constants of a semi-empirical relationship for the

prediction of contact coanductance.



CHAPTER IV

ANALYSIS AND DISCUSSION

Numerous approaches to the problem of predicting thermal contact
resistance of bare metallic surfaces have resulted in several semi-
empirical equations, as discussed in Chapter II. Although some
authors stated that good correlation existed between their theory
and experiment, the correlation was generally limited to those data
obtained by the particular author. In this chapter an attempt is
made to analyze carefully those theories exhibiting some success,
and where possible, to extend the theories for purposes of more
general application. In addition, a dimensionless correlation for
the prediction of contact conductance is developed. The results
of this correlation are then compared with previous theories and

experimental data.

I. PUBLISHED THEORIES

or contact contuctance developed by Cetiankale
and Fishenden {17] and Laming [55] do not lend themselves to compari-
son with experimental data due to lack of information regarding their
coenstants. Since the expression developed by Tachibana [74] behaves
much like that of Femnech, only tne expressions develcped by Fenech

and Rohsenow [32]) arna Clausing and Chiao [20) will be discussed.
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Comparisons with experimental data wili be made to establish the

degree to which thermal contact conductance can be predicted using

these equations.

Fenech and Rohsenow

The approach and assumptions used by Fenech in his analytical
treatment of contact conductance were reviewed in Chapter II. To
further substantiate his aunalysis, Fenech obtained experimental data
from noa-idealized metallic surfaces in contact and compared these
data with his theory. Results of these tests showed excellent agree-
ment considering the degree of uncertainty in the high ccnductance
measurements and the limited amount of data obtained in Fenech's
investigation.

The basic equation for contact conductance derived by Fenech
was given in equation (2-13). This equation, reduced to vacuum

conditions by Henry and Fenech [45], is given as:

1l ~-a
= 1/2 -
hc 8 o) 1 1 1 a / (4-1)
—= Qﬁ

i k k 4.26

For the case of similar surfaces, 61 = 62 = 6FR’ and introducing

the mean harmonic thermal condu~tivity, equation (4-1) reduces to:

Qa

b 1T
a 1/2

ZGFR + 0.47 (‘H )

This form of the equation is not useful for calculation of

contact conductance since the values for the area ratio and the
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number of contact spots are not known. Ferech states that for the
results of his armco iron-aluminum data, the radius of the contact
spot and the number of spots could each be repreiented as a function
of the apparent interface pressure. The relationships he developed
for these variables would only apply to his particular data, as
indicated by Bloom [13]. Determination of the number of contact
spots and the contact area ratio by use of Fenech's graphical
technique is tedious and would be impractical for actual engineering
application.

The denominator of the above expression may be further simplified

by substituting for a and n. The conductance expression then becomes:

A S X -2

ZGFR + 0.833 a

Fenech suggested that the contact area ratio could be represented by
the ratio of apparent interface pressure to material hardness. The
validity of this assumption, however, is limited to the higher pressure
ranges. Substitution of such a ratio for the contact area generally

requires the use of an accommodation coefficient, as discussed in

Chapter II. Fenech has assumed that the fraction is approx-

o]
1 =
imately equal to o since a is very smell. Applying this simplification
to equation (2-23), the contact conductance expression mar be written
as:
k P
m a

Pe © T2 +0.833a)C B, (4-3)

The resulting expression appears easy to use; however, several unknown

values remain. TFor purposes of the present investigation, the
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effective gap thickness and contact spot radius were selected as
the flatness deviation and roughness deviat.un, respectively, as
suggested by Clausing and Chao [19,20]. The remaining unknown
quantity, the accommodation coefficient, was then determined by
an empirical fit of the published experimental data given in
Appendix A.

By fitting the data with the above expression, it was necessary
that the accommodation coefficient be a function of apparent inter-
face pressure, the flatness deviation, and the modulus of elasticity.
The coefficient appears to be a strong function of flatness deviation
and a relatively weak function of pressure and modulus of elasticity.
The empirically determined coefficient was

5.2 - 5.66 x 10° "a

- E (4.4)

log(FD) - FD0-257

£ =e

T'.e refinement of this accommodation coefficient was discon-
tinued since the basic form of the equation did not have the correct
pressure dependence for low pressures. Furcher, published data
did not represent a sufficient range of mean junction temperatures
to enable determination of a temperature effect. The expression
for calculating contact conductance in terms of generally reported
quantities may be founu. by combining equations (4-3) and (4-4).

In order to determine the effectiveness of this expression,
it must be analyzed in terms of the criteria established in Chapter
T As pressure increases, the conductance increases to infinity and

Z&. oes to zero the conductance goues to zero.
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It will be noted, too, that the expression does not satisfy :the
criteria for temperature and surface finish established in Chapter
II.

Figures 4-1 and 4-2 show comparisons made with experimental
data. Those data presented in Figure 4-1 represent selected mid-range
conductance data of other investigators (Appendix A). The modified
Fenech equation does show the same trend as the data; however, as
pressure becomes small the curve of the modified theory deviates
from the data by a considerable amount. The order of magnitude
predicted by the equation is satisfactory for mid-range data. It
deviates appreciably, however, for extremely smooth and extremely
rough surfaces. It shonld be noted that the agreement is better
for aluminum than for other materials.

The comparisons with data of the present investigation, shown
in Figure 4-2, follow the same trends as those in Figure 4-1. Again
the magnitude and slopes show better agreement with aluminum than
with cther data. The order of magnitude prediction for most data,
however, is not very close.

The modified Fenech equation was developed in order to see how
closely conductance values could be predicted from an expression
obtained by a direct fit of experimental data. Since many simplify-
ing ass ptions have been made in determination of the accommodation
coefficient, it would appear that equation (4-5) would only predict
order of magnitude conductance data at best. Even then, its predic-
tion would be valid only for a limited range ot pressures and temp-

eratures, due to the limitations of the original equation.
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Clausing and Chao

The theoretical analysis presented by Clausing was justified
by comparison with experimental data for several different metals.
The data obtained in his experimental investigation were limited
to contacting surfaces in which the macroscopic resistance was
dominant. Although fairly good agreement was found between theory
and experimental data of all test materials when comparing Clausing's
dimensionless conductance with the elastic conformity modulus, good
magnitude prediction of contact conductance was possible only for
a few isolated sets of data.

The macroscopic contact conductance was given as:

2 X kh

Pa. b ,41/3
¢ = TE® X =1.285 {(§) (ggc)} (4-5)

where the series g(X) is given in equation (2-46). Clavsing assured
that the total flatness deviation would be the sum of the surface
flatness deviations, and that the radius of the contact spots could
be represented by the rms surface roughness. The test parameters
for Clausing's experimental data are listed in Appendix A. Inc;uded
in the appendix are the surface parameters, thermal conductivity,
and modulus of elasticity. The above equations were programmed on
a digital computer to permit analysis of Clausing's experimental
data and theory, and data from other investigators.

Figure 4-3 shows the reciprocal of the dimensionless conductance
(the equivalent length per unit radius) compared with the elastic

conformity modulus for brass, stainless steel, magnesium, and aluminum,
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as presented by Clausing. It should be pointed out that although the
theory and experimental data appear to agree well, the data shown are
only rfor rougher surfaces.

Contact conductance values for brass, stainless steel, and
magnesium data are plotted as a function of apparent pressure in
Figure 4-4. These experimental data are compared with contact con-
ductance values predicted by equarion (4~6). The theoretical curves
for brass show the same trend and approximate magnitude as the
experimental data for the range of pressures 50 to 1,000 psi. The
theoretical values for magnesium also show the same trend as the
exper.imental data; however, the theory does not adequately predict
magnitude values, especially for smc.ther surfaces. At pressures
below fifty psi, the experimental data deviate appreciably from the
predicted values. For stainless steel, extreme deviations occur below
100 psi. The predicted values for smoother stainless steel surfaces
terminate at approximately 250 psi. The theory, then, is applicabl-~
only for this small range of pressure.

Comparison of experimental data with theory for aluminum is
shown in Figure 4-5. It may be noted that the data for surface
flatness deviations of 220 to 230 microinches and surface roughness
deviations greater than twelves microinches show fair agreement with
theory. This agreement holds only for pressures between 100 and 500
psi. When the theory is extended beyond Clausing's limit (X = 0.65,
approximately 600 psi), the curve deviates frum the experimental data
in an exponentially increasing manner. Compariscn of Clausing's theory

with his data indicates that the range of applicability is greatly
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influenced by the factor X. Further analysis of the macroscopic
conductance shows that some of the experimental data obtained by
Clausing do not vary ccnsistently with the flatness deviaticr as

might be expected. This peculiarity in the data is discussed by Smuda,
et al [69].

Aluminum data obtained at Arizona State University are also
compared with Clausing's theory in Figure 4-5. Note that his
equation shows better agreement with these smooth surface data
than with his own data for similar surface conditions. For both
Clausing's data and that obtained at Arizona State University, the
predicted values for the conductance of smooth surfaces diverges
substantially and over-predicts the magnitude by factors of ten or
more.

There may be several reasons why the Clausing equation does not
better predict the experimental data. Pertaps the experimental
technique used in obtaining the data did »t permit accurate align-
ment of the specimens, thus causing soms error in the assumed region
of contact. More likely, the elastic conformity modulus may not
properly represent the pressure-surface de:endence.

Other factors may influence the usefuiness of the Clausing
theory. The spherical contact model with which the data were
obtained does not represent the surfaces generally used in engineer-
ing applications. In addition, the assuiption of elastic deformation
at the contact would apply only to specific conditions. A full
treatment of the problem should include t1e effects of plastic deform-

ation. Further, due to the nature of the mscroscopic comstriction



resistince solution [i.e., as X + 1.0, g(X) » 0] and the parameters
selected for the elastic conformity modulus, the predicted values of
thermal contact conductance tend to infinity at finite loads.

Analysis of the theory suggests that a modification to include
the conductance due to the microscopic asperities would decrease
the predicted conductance at higher pressures. This modification
would permit more favorable correlation of the theory with experi-
mental data.

The develcpment by Clausing and Chao of a theoretical equation
for the prediction of contact conductance makes possible limited
prediction of conductance values. Its application is restricted to
rough contact surfaces and cases in which the macroscopic constric-
tion resistance dominates. Since a majority of surfaces and
geometry used in engineering applications where contact resistance
occurs are flat, machine surfaces, the roughness and flatness
deviations would be small. Clausing's theory would be of little
use for predicting contact conductance for such conditions. A good
theory for contact conductance should be able to predict conductance

values for smooth as well as rough surfaces.

II. DIMENSIONLESS CORRELATION

Although it is difficult to specify the exact variables affect-
ing thermal contact conductance, analysis of the assumed parameters,

performed by Clausing and Chao [20]}, resulted in the grouping:

P

hb a
f (E

b
k 8 )

cC
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Clausing used this result for the correlation of some of his data
(Figure 4-3), deeming the relationship applicable only to rough
surfaces. Clarsing's data and parameters, as well as other experi-
mental data, are plotted in a different manner in Figure 4-6, to give
a better perspective of the agreement. The scatter present may be
attributed primarily to variations in the mean junction temperature,
and the manner in which the surface parameter is defined. In Claus-
ing's work, the mean junction temperature ranged from 160°F to 340°F;
thus temperature effect was minimized. The mean junction temperature
of published experimental data, however, ranges from -250°F to 500°F.
Its effect on conductance is obvious indeed.

It was shown that the equation derived by Fenech and Rohsenow
could be simplified in form by neglecting an interstitial fluid and
by assuming similar surface characteristics for both sides of the
contact (pp. 95-96). With these simplifications the denominator
of equation (4-2) can be denoted as 6, a parameter which can be
described as the effective thickness or depth of influence of the
contact. The ratio of the actual contact area to the total cross-
sectional area of the junction is represented by a. In dimensionless

form

(4-6)

The results of several other investigators can also be reduced to
this general form; however, the difficulty still remains that § and

a must be defined in terms of the controlled test variables.
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Earlier attempts at dimensionless correlation and dimensional analysis
of the variables effecting contact conductance have yielded very few
useful results [17, 19, 42, 47, 76, 81]. A number of different para-
meter groupings have been found; however, these groups only correlated
a small amount of published experimental data.

Since it was desirable that the required material properties and
surface parameters for predicting h be easily obtained, the functional
relationship for h was derived in terms of the assumed variables of
load pressure, mean junction temperature, surface roughness and

flatness, and the material properties. Hudack [47] had shown that

P
-2

the parameter B

BTm could be used to correlate thermal conductance

data for aluminum 7075. Other investigators have also used various
P

combinations of fi and %- for their correlations. Clausing had

demonstrated some success with a correlation of the dimensionless

parameter-%h (Figure 4-6). Thus the dimensionless parameters were:
m
P

dimensionless pressure = Ei

o
n

T = dimensionless temperature = BTm

§ = dimensionless surface parameter =-%

h §

thermal conductance number = Eg_
m

<
[

The experimental results of this investigation were plotted in

the form of %E-as a function of P*T*, since the surface parameter ¢ was
m

as yet undefined. This variation of dimensionless conductance with

P*T* for stainless steel 304 is shown in Figure 4-7.



It was necessary to specify values for the initial s 'rface para-
meters which would cause the curves such as those in Figure 4-7 to
agree. This was done by taking ratios of %9 between surfaces at con-
stant values of P*T*. An initial value of ?o = d was chosen for the
smooth-to-smooth surfaces, and the remaining values of 60 for other

ccntacting surfaces were calculated at 20 psi. In Figure 4-8 ir!tial

refers to correspondence of the %h curves . 20 psi. To check the
m

values the curves were also made to coincide at a load pressure of
800 psi (final in Fig. 4-8).
Study of this surface parameter indicated that it was a function

of d, defined by equation (2-22) such that:

- - ; 1 -
60 = f(d) = f {(1.-'1)+2R1))]rough > (szxn)smooth } (4-7)
surface surface
hb
Plots were then made of EE_ as a function of 63, for constant
m h b

values of P#T*. It was found that ﬁs— varied with 53 in an
exponential manner, i.e., the curvesmyielded straight lines on
semi-log graph paper as shown in Figure 4-9. The straight lines,
however, were offset by a variation in slope as a function of P*T%,
After further consideration it was found that the product P*T*/§#*
was a dimensionless parameter which would correlate the family of
exponential curves, at constant values of P*T*., Since the surface
parameter has the dimensions of length, the functional form for §

was selected as:

-m P*T*/G*
(o]

§ = 60 e (4-8)

where the value for m must be selected for the best fit of the data.

110
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This function behaves as required for the limiting cases of pressure
and temperature. As pressure increases, the surface parameter or
effective gap thickness becomes smaller. At zero pressure, the
effective gap thickness is just the initial value.

)

The thermal conductance number, y = E‘— , was then plotted as

m
a function of P*T*, with the constant m selected for approximate best

fit to be 180.0. The resulting plot is shown in Figure 4-10. In-
cluded in the figure are all of the published data listed in Appendix
A, as well as the data of the present experimental investigation. The
data are representative of seven different investigators, with
approximately 400 data points. The data shown include mean junction
temperatures of -250°F to 500°F, apparent interface pressures of 10
to 7,000 psi, surface flatness deviations of 15 to 4,500 microinches,
and surface roughnesses of 3 to 120 microinches. Data for aluminum,
stainless steel, brass, and magnesium are included. It may be

scen that for a majority of the data, extremely good correlation
exists. The spread of data points is to be expected due to the
variation in surface parameters. Also no two investigators measure
or present their data in the same manner. Further, some of the data
are correlated on assumed information, since all of the experimental
characteristics were not listed by the investigator. The correlation
of such a large amount of published experimental data suggests that
the correlating parameters are a decided jmprovement over existing

relationships.
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More scatrer was noticed below the correlation curve, especially
at the higher and lower load pressures. This scatter may be explained
in several w:ys. At higher load pressures, those surfaces with
oxide films or other contaainants would result in lower measured con-
ductance values. Also, at high load pressures the interface tempera-
ture differenc: i1s small and in some instances is the same as the
uncertainty, thus permitting errors of 100 percent or more. At low
load pressures, measured conductance values exhibit a wide range of
scatter. This may partially be explainec by the variations in load
application mechanisms used by different investigators. Other reasons
might be the alignment of the test surfaces, uncertainty in the
material properti:s, and incorrectly reported surface characteristics.

As a result of the excellent correlation shown in Figure 4-10

the expression for thermal contact conductance may be written as:

a

b = £(PRT*, 50*) T

In ordevr to establish the funciional form ot the contact area ratio,
several criteria must be met. For cxample, the contacl area ratio
nust be a function of temperature and pressure, and at low or zero load

pressures, the contact area ratio must be a function of the surface
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parameter. In addition, the shape of the correlation curve will dictate
the functional form. One expression which satisfies these requirements
is:

]

* n
2o = (€ (8.%) + €, P* T#) (4-9)

from which the area ratio would be

* *T% n
{c1(6°)+c21"r}

* **n
1+{c1(60)+c2P'r}

Hence, for the limiting cases of pressure

*
Lim « Cl(Go ) . Lim o
*\ ’
1+ Cl(é0 3

Further, the ccefficient CI(GO*) must be very small, thus satisfying
the low load contact area ratio and conductance requirements. This
particular selection would include any possible radiation effects as
the load pressure is reduced to zero.

In order to substantiate the validity of equation (4-9), it is

necessary to consider its behavior at all limiting conditions. Checking

h §

the limiting cases for pressure, the value of ; 2 approaches infinity
m

and Cl(éo*)n in the limiting cases of P* approaching infinity and zero,

respectively. The slope of the conductance curve as a function of P*

approaches infinity and 2 small value for limit as P* becomes large and
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as P* goes to zero, respectively.

These results are as expected from the criteria established in
Chapter II. The relationship with mean junction temperature behaves
very much like that with pressure. As temperature increases, the con-
ductance increases, and as temperature decreases, the conductance
becomes smaller. The rate of change of conductance with mean
junction temperature behaves in the same manner. These trends are
also in agreement with those resulting from the data analysis of
Chapter II. The relationship with the surface parameter indicates that
as the surface becomes smoother, the conductance becomes large, aad
as the surface becomes very rough, the conductance becomes small.

The rate of change of conductance with surface parameter approaches
infinity as the surface parameter tends to zero and approaches zero
as the surface parameter becomes large.

The coefficients for the prediction equation were found in the
following manner. For large load pressures, the term Cl(ao) was
first considered negligible and the logarithm of equation (4-9) was
plotted in the form:

log y = n log C, + n log P#T¥*

2

Approximate values for n and C, were selected from the slope and

2

intercept of the plot, respectively. The resulting values were n =

0.58 and C, = 0.020. With all coefficients known except Cl(éo), the

2

low load pressure data were used to obtain an average value of Cl(do)
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s .

for all data. The resulting value was Cl(Go) = 5.10 x 10
These constants were then used to predict the conductance values
for the measured data and the resultant error was calculated. Since
these initial values for the constants were approximate, the constants
were then refined by incrementing them and calculating the rms error
for all data of this investigation. For the minimum rms error, the

coefficients for equation (4-9) were

C,(6 % = 5.22x 107° 5 *
c, = 0.036
m= 170
n = 0.56

The resulting conductance equation may be written as

Ky 170 prrass 6
"’3_ e (o]

h {5.22 x 10~

. 5% +0.036 parx} -0 (4-10)

o]

and the dimensionless conductance parameter is

6 6

v = {5.22 x 10~ 62 + 0.036 P*T”‘}O'S (4-11)

A comparison of Equation 4-11 with the present experimental data as well

as those of previous investigators is illustrated in Figure 4-10 for 60
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values of 18 (top curve), 200, 1000, and 4000 u-in. At higher values

of P*T* the surface finish is noted to have a much smaller effect.

III. COMPARISON OF THE DIMENSIONLESS CORRELATION

WITH EXPERIMENTAL DATA

In order to justify the accuracy of the expression for contact
conductance developed in the previous section, comparisons must be
made with experimental data. Therefore, the predicted values of
conductance will be compared with experimental data of the present
investigation and with other published data. In additior, compari-
sons are made with existing relationships for the prediction of

contact conductance.

Present Experimental Data

Comparisons were made between predicted and measured conduc-
tance values for data of the present investigation. Equation (4-11)
appears to predict these conductance values within an average overall
error of 29 percent, with a maximum overall error of 47 percent for
the magnesium experimental data. Deleting several of the oxidized magnesium
data points results in an average overall error of 24 percent for the
remaining daca. Pressures ranged from 20 to 815 psi, mean junction
temperatures from -85°F to 335°F, and surface flatness deviations
from 18 to 4,500 microinches.

The experimental data for aluminum 2024 are shown in Figure

4-11. Study of the curves suggests that the theorv predicts the data
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with an average overall error of 21 percent. The predicted trends
compare well with those of the experimental data. It should be
noted, however, that as pressure increases, the predicted values
of conductance increase more rapidly than the experimental data.
This slight deviation may be attributed to oxidation, as discussed
in Chapter 1I.

The variation of contact conductance for stainless steel 304
is shown as a function of pressure in Figure 4-12. The predicted
values of conductance are also shown for comparison. Notc the
excellent agreement for all data, with the exception of a few data
points. The agreement is within an overall average error of 25
percent, with a maximum deviation of 57 percent for one or two data
points.

The stainless steel are among the most consistent of the data,
as shown in Chapter III. One reason for this good agreement is the
range of interface temperature difference. At high load pressures,

the AT, for st inless steel is on the order of 10°F, whereas the AT

b 3
for aluminum, magnesium, and brass is on .he order of 1 to 3°F,
similar to the uncertainty in AT_ . “ueretore, errors of 100 percent

3

might be expected for the softer mai .rials; however, the error for
stainless steel would be much smalier.
Equation (4-11) is compared with brass conductance data in

Figure 4-13. The trends and magnitudes are well predicted. These
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data are predicted with an average overall error of 24 percent. ‘he
high temperature smooth data erhibit the proper trend but are some-
what under-predicted. As with aluminum, the predicted curves increase
more rapidly than the data curves as pressure increases. This

may be attributed to the small AT, for brass, which causes conductance

3
errors in the high load pressure data for this as for most other soft
materials.

The contact conductance data for magnesium AZ31B are given in
Figure 4-14 for comparison with predicted values. There appears to
be quite poor agreement for the smoother surfaces; however, the
agreement for the rougher surfaces is good. The proper trerds are
shown, but the magunitudes at the higher pressures are substantially
over-predicted. As with brass, this over-prediction at the higher
pressures may be caused by the error in the AT*. The magnesium smooth

3
and medium surface. used in this investigation were visibly oxidized
even after thorouglt cleaning, as discussed in Cha>ter III.

The fact that Equation 4~11 does not always accurately predict
the magnitude of the conductance for the smoother surfaces might be
expizined in terms of a surface film. When two polished, flat
surfaces are placed in contact, the oxide film which may be present,
forms a relatively unbroken layer between the surfaces. Ac pressure
is increased, the metal-to-metal contact becomes minimal and the oxide

film becomes a dominant factor which cauvses the conductance to be

lower than for oxide free surfaces.
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Published Experimental Data

Experimental data of Bloom [l13], Clausing and Chao [20], Fried
[37]). aud Smuda, et al. [69], are presented in Figure 4-15 for comparison
with the expression developed in the present analysis, equation (4-11).

A wide variation in test materials and mean junction temperatures is
represented. Note the excellent agreement for all of these data.

Experimental data of Cunnington [22], Fried [37], and Hargadon [43]
are presented in Figure 4-16 for comparison with equation (4-11), and
the modified Fenech and Clausing expressions [equations (4-3), (4-4),
and (4-5)].

As pressure increases, all of the equations predict the same
trend. At low pressures, the modified Fenech equation severely under-
predicts the experimental data because of the pressure dependence assumed
in the equation. The magnitude predictions by the expression developed
in this analysis compare well with the data, with an average overall
error of less than 24 percent. The expression of Clausing under-predicts
the experimental data by more than 100 percent in some cases. This
may be attributed to the manner in which the surface parameter is used in
his equation.

The predicted conductance data for most of the other published
experimental investigations agree equai.ly well. Some data deviate
appreciably, however. I many cases, these deviations may be
attributed to assumed test information which was not presented in

the published work.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

A review of the published studies in thermal contact resistance
has shown that a large variation exists between theoretically predicted
and experimentally measured condu~tance values. Clearly, the magni-
tudes and trends exhibited by the experimental data have not been well
represented by the published theoretical studies. The purpose of the
present investigation, then, was to develop an equation for the pre-
diction of contact conductance which would be suitable for engineering

applications.

Conclusions

Based on the dimensionless correlation presented in this work,
an expression for the prediction of contact conductance was found to
predict published experimental data, as well as data of the present

investigation. This equation may be written in dimensionless form as:

6 6

- *
b= (5.22 x 10" §_+ 0.036 par#)0+> (4-11)

The most important elements in this prediction equation are the
apparent interface pressure, mean junction temperature, and surface
parameter.

This expression, developed by semi-empirical techniques, predicts

contact conductance within an average overall error of 29 percent for
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the data of this investigation. An average overall error of 24 percent
results when several of the data points for the uxidized magnesium sur-
faces are deleted. The average overall error for all experimental data
used, both present and published, is 24 percent.

It has been shown that the resistance due to surface oxidation
is small at normal operating pressures; however, it can become a dominant
factor for very smooth surfaces and at extremely large pressures. The
surface parameter, 60, may be adjusted for such oxidation, thus permit-
ting more accurate correlation of contact conductance values for

oxidized surfaces.

Recommendations

As a result of this investigation, it would seem appropriate to
make some recommendations for further study.

1) Although very few experimental tests are conducted with oxide-
free surfaces, little specific work has been done to determine the
actual contribution of such oxide films to the resistance of a contact.
Further, the variation of the surface film thickness with load pressure
should be investigated.

2) Most of the experimental contact conductance data obtained
to date has been for moderate to high load pressures. Those data

obtained at load pressures below fifteen psi -=:xhibit extremely large
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variations. Further study of contact conductance at low pressures
would supplement existing data.

3) The results of this study might be fruitfully applied to
electrical contact situations, such as low-voltage microswitches. By
use of the expressions developed in this work, both the area of contact
and junction resistivity might be predicted.

4) The techniques of this study might be used to establish a
prediction equation for dissimilar metal contacts. Because of limit-
ations of the model used in the present analysis, it was not possible
to accurately predict conductance values for dissimilar metal contacts
using the expression developed herein. Further, the sparsity of pub-
lished dissimilar metal experimental data suggests that an experimental
investigation should be underiaken to implement any analytical study.

5) There is a considerable amount of published experimental
data obtained at atmospheric conditions. The procedures of this study

might also be applied to these data.

An expression has been developed for the correlation of thermal
contact conductance data. This expression may be used to predict
conductance values for any similar metals in terms of the sur-
face parameter, mean junction temperature, and interface pressure.

The equation is simpler to use and results in more accurate prediction
of conductance magnitudes and trends than any such expression pre-

viously published, and known to the authors.
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APPENDIX A

PUBLISYED EXPERIMENTAL DATA

The experimental data in the literature were analyzed thoroughly
in order to determine which data were accurate and would be useful for
the present analysis. The resulting data were considered satisfactory
for use in determining the trends of the experimental data, as well as
for comparison with the predicted values of contact conductancr. These
data are listed here as given by the investigators, except as indicated.

The dimensions of the variables presented are as follows:

Pa psi

hc Btu/hr sq ft°F
AT °F

T °F

m

FD microinches
RD microinches
kh Btu/hr ft°F

E psi

B in/in°F



PUBLISHED ALUMINUM DATA

TABLE A-1
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P h AT T
a o m
280 465 22.7 -241 Run: B 5-1 [13]
458 647 16.3 -256 AL 7075-T6
646 815 12.9 -262 ¥ =  100-200
834 954 10.9 -268 RD = 3-5
920 987 10.5 -270 k= 46.5%
309 461 25.1 -232 7%
312 488 23.7 ~227 Bom LA8x 10
512 741 16.9 -242 B = 12 x 10
713 953 14.6 -244
802 1080 13.9 -264
73 382 42.9 ~127 Run: B 5-2 [13]
267 1260 13.2 -221 AL 7075-T6
662 233u 7.2 247 FD = 200
856 2475 6.6 -251 RD = 15-17
929 2515 6.6 -253 k= 49,0%
m —7%
E = 1.17 x 10
—6*%
B = 12 x 10
166 202 51.6 -145 Run: B 5-4 [13]
213 269 47.2 -232 AL 7075-T6
554 540 28.4 -230 FD = 150-500
719 741 26.4 ~229 RD = 10-45
968 927 20.6 -231 ko= 49
118 190 44.9 -223 7%
309 320 40.2 ~222 Eo= LU=10
493 421 34.6 -227 B = 12x10
707 638 27.0 ~230
891 786 2.5 -238
474 859 18.9 ~236 Run: B 5-5 [13]
672 1180 13.8 -243 AL 7075-T6
822 1490 11.2 ~245 FD =  200-300
936 1600 10.5 -248 RD = 7-60
251 678 24.3 ~231 ko= 42
439 910 17.7 -237 7%
668 1250 13.5 ~245 Bo= LITx 19
866 1410 11.7 ~251 B = 12 x 10
945 1460 11.3 -253

* Selected from the literature for purposes of the present analysis.
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TABLE A-1 (Cont'd)

P h AT T
a c m
51 52C 9.9 243 Run: B 5-7 [13]
242 1390 4.7 295 AL 7075-T6
446 1900 3.4 299 FD = 200-500
600 2200 RD = 10-25
800 2400 k = 91%
m 7%
E = 1.01 x10
-6*
B = 12 x 10
10.4 88 164 220 Run: CC 1A [20]
28.4 191 109 AL 2024-T4
44.0 365 71.5 FD = 115
86.2 660 46.7 RD = 12
157 1330 30.9 kh = 79.0
310 2300 19.4 E = 1x 107
518 4520 10.6 _G*
759 5670 8.8 B = 12 x 10
986 7940 6.4
10.4 219 113 238 Run: CC 2A [20]
44.0 513 65.8 AL 2024-T4
86.2 821 44.9 FD = 115
157 1330 30.9 RD = 12
310 2300 19.4 kh = 82.0
518 45720 10.6 E = 1x 107
759 5(70 8.8 —6*
986 7940 6.4 B = 12 x 10
10.4 38.2 253 240 Run: CC 5A [20]
28.4 133 161 AL 2024-T4
67 476 69.3 FD = 60
157 1220 32.5 RD = 3
310 2450 17.6 kh = 82.0
518 4160 10.7 E = 1x 107
759 6500 6.9 _6%
986 9500 5.0 B = 12 x 10
10.4 54 238 235 Run: CC 6A [20]
28.4 213 128 AL 2024-T4
67 440 78.8 FD = 110
157 762 52.5 RD = 3
310 1270 34.5 kh = 82.0
518 1970 23.4 E = 1zx 107
759 2780 17.0 —6%
986 3740 12.9 B = 12 x 10



TABLE A-1 (Cont'd)

P h AT T
a [ m
10.4 212 90 235 Run:  CC 7A [20]
28.4 452 63 AL 2024-T4
67 632 51.4 FD = 110
157 1120 33.3 RD = 45-80
310 1880 22.0 k = 85.0
518 2640 16.6 1o
759 3380 13.6 ek
986 4280 11.0 B = 12x10
16.9 220 155+ Run:  CN 5 [22]
35 370 AL 6061~T4
54 495 FD = 35
72 590 RD = 12-18
92 680 k =  109%
E = 1x10
~6%
B = 12x10
16.9 210 200% Run:  CN 6 [22]
54 620 AL 6061-T4
93 830 FD = 25
RD = 46-50
k= 111%
E = 1x10
B = 12x 107"
192 1642 29.3 286 Run:  FL A2 [33]
287 3821 13.8 297 AL 2024-T4
187 1665 29.0 288 FD =  25-40
105 749 52.6 278 FD = 3-5
104 896 47.9 277 k= 108.9
186 1522 31.2 289 74
277 3421 15.9 291 Eo= LOobx10
277 3219 17.2 294 B = 12x 10
105 925 54.1 278
239 2607 23.0 287
385 3515 18.0 289
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TABLE A-1 (Cont'd)

145

P h AT T
a (o4 m
102 487 86.4 =42 Run FL A4 [33]
305 1242 45.8 -53 AL 2024-~T4
102 537 78.1 -33 FD = 25-40
305 1353 40.5 -28 RB = 3-5
k = 98.2
m 7*
E = 1.12 x 10
8 12 x 107%*
101 578 62.5 -13 Run: FL A6 [33]
297 1888 28.5 =25 AL 2024~T4
102 512 69.4 =20 FD = 25-40
298 1665 31.8 =23 RD = 3-5
km = 99,2
= 1.11 x 107*
6%
= 12 x 10
99 1389 27.6 281 Run: FL A8 [33]
306 2910 16.3 264 AL 2024-T4
98 770 43.8 267 FD = 25-40
99 857 44 .4 274 RD = 3-5
305 3042 15.4 265 k = 108.6
m 7*
E = 1.02 x 10
B = 12 x 10-6*
47 367 ~98% Run: FR 65:1-6 [36]
121 457 AL 2024-T4
214 560 FD = 100-150
325 713 RD = 40-50
805 2382 km = 69.5
1120 3814 & o 1.07 x 107
6%
58 = 12x10
48 237 ~98% Run: FR 65:11-17 [36]
83 333 AL 2024-T4
119 24 FD = 100-150
226 621 RD = 40-50
341 813 k.m = 69.5
818 2414 ~ 7%
1132 3781 Eo= LOTx19
B = 12 x 10
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TABLE A-1 (Cont'd)

P h AT T
a C m
560 1500 -180% Run:  FR 66:31-6 [37]
1050 3415 AL 7075-T6
1814 6761 FD =  210-240
2021 7849 RD = 160-170
2419%% 421114 ko= 75.5%
3024 8644 N £
8 = 12x10°%"
535 1244 ~220% Run:  FR 66:88-92 [37]
764 2308 AL 7075-Té
1311 4783 D = 6
1853 10249 R = 4
2475 23679 kK = 82.6%
E = 1.03x 10
g = 12x10°%
118 792 35.9 215 Run:  S2 [69]
251 2720 13.3 232 AL 2024-T4
384 4710 7.9 233 FD = 23-35
539 7900 5.0 240 RD = 3-5
702 9440 4.1 232 k = 82.6
834 12120 3.2 236 7%
1009 14200 2.6 229 Eo= LO6x18
B = 12x10
114 1270 3.5 280 Run:  S3 [69]
268 2190 22.3 289 AL 2024-T4
418 3550 14.3 291 FD = 35-55
567 5240 10.0 293 RD = 3-5
732 6190 8.6 29¢ k = 8.8
881 7190 7.5 295 7%
1038 8680 6.3 296 E 1.06x 19,
g = 12x10

%% Data deleted in analysis



TABLE A-1 (Cont'd)

P h AT T
a (o m
260 2340 20.0 285 Run: S4 [69]
406 3400 109.0 281 AL 2024-T4
554 4370 71.5 292 FD =  35-55
722 5400 46.7 293 RD = 3-5
860 7520 33.8 293 k = 88.8
m 7*
E = 1.06 x 10
6%
= 12 x 10
106 148 45.8 -236 Run- S A2 [70]
203 212 35.7 =250 AL 2024-T4
300 371 23,0 =257 FD = 30-50
303 703 41.6 =159 RD = 3-5
304 1011 58.7 =33 k = 89.5
m 7*
E = 1.15 x 10
~H%
B = 12 x 10
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TABLE A-2

PUBLISHED STAINLESS STEEL DATA

[
o

P h AT T
a c m
29.2 38.4 122 245 Run: CC 3S [20]
67.7 71.7 77.2 SS 303
157 120 51.2 FD = 75
311 168 37.9 RD = 3
519 244 27.9 kh = 9.53
760 321 21.2 E =208 x 107
987 396 19.4 * —6%
B8 =9.5% 10
236 70 ~390% Run: FR 66: 4-12 [37]
681 102 SS 304
= .8 120 FD = 760-1000
1558 211 K" = 300-325
1814 230 ;m = 10, 4%
2476 340 7%
2884 48, E= 2,64 % 196*
3591 775 B=4.5x 10
3909 1047
15 30 255 aun: H2 [43]
260 170 SS 340
545 300 FD = 500
810 415 RD = 50-70
k= 9.82%
m 7%
E=2.8 x10
6%
B =9,5x 10

*Selected from the literature for purpcres of the pres~nt analysis.



PUBLISHED BRASS DATA

TAB: = A-3

149

P h AT T
a (o m
11.1 172 65 340 Ren: CC 1B [20]
29.2 245 64 Br Alloy 271
44.6 259 64 FD = 410
87 346 57 RD = 12-14
157 465 50 k, = 69
311 652 41 6
519 918 33 E =13.1 x 10 o
760 1i26 29 8 =11.8 x 10
954 1327 26
11.1 126 86 265 Run: CC 2B [20]
29.2 220 70 Br Alloy 271
44.6 257 63 FC = 390
87 234 58 RD = 14
157 432 53 k, = 66.5
311 5¢ 44.5 n 6
<19 5w 16 E = 13.35 x 196*
750 1045 30.9 B =11.5 x 10
954 1260 <7
11.1 93.5 118 160 Run: CC 3B [20]
29.2 148 103 Br / "y 271
44.6 174 92.5 FD = 475
87 238 81 RD = 14-18
157 316 72 k = 62.5
311 422 62 6
519 579 51.5 E=1.7x10
760 706 45.5 B =11.8 x 10
954 849 40
11.1 158 134 260 Run: CC 4B [20]
29.2 253 98.0 Br Alloy 271
44.6 289 91.8 FD = 390
86.9 370 78.1 RD = 14
157 472 67.8 k, = 66.5
311 647 54.1 E = 13.4 x 10°
.19 881 42.5 ) _gi
760 1482 33.2 g = 11.8 x 10
53 1390 28.9

*Selected from the 1i rature for purposes of the present analysis.



TABLE A-4

PUBLISHED MAGNESIUM DATA

150

P h AT T

a c m
10.2 35.0 201 215
28.4 85.3 142

67 152 105
157 344 6l1.4
310 816 31.7
518 1540 18.0
759 2270 12.6
986 3200 9.0

10.2 283 68.7 210
28.4 687 33.6

67 1450 17.4
157 3570 7.5
311 9100 3.¢

10.2 61 17C 210
28.4 145 107

67 511 43
157 1250 20
31C 2320 11
518 5050 5.4
759 8700 3.2

16.9 62 150
54 150

93 200

* Selected from the literature for purposes of the present analysis.

remam mreTw t

Run: CC 1M [20]

MG AZ 31B
FD = 22..
RD = 3
R = 50.8
E=6.1x 10°
B = 14.4 x 10”6
Run: CC 2M [20]
MG AZ 31B
FD = 53
RD = 3
k = 49.6
n 6
E=6.1x10
-6*
B=14.4 - 10
Run: CC 3M [20]
MG AZ 31B
FD = 130
RD = 3
k = 49.3
- 6
E=6.1x10
_6*
B =14.4 x 10
Run: CN 7 [22]
MG AZ 31B
FD = 25
RD = 100-125
k = 48.3%
m 6*
E=6.1x 10
_6*
B = 14.4 x 10



TABLE A-4 (Cont'd)

151

P h AT T
da C m
143 335 ~103+ R : FR 65: 134-41 [36]
179 263 MG AZ 31B
218 279 FD = 23
433 697 RD = 5-7
552 1785 k_ = 46.5%
796%%  14969%* 6*
et aanas E - 6.1x 107
1257 5755 B = 14.4 x 10
471 957 -75% Run: FR 66: 57-66 [37]
764 1444 MG AZ 31B
974 2375 FD = 6
1331 3872 RD = 4
1515 4975 k= 44.9%
1993 12309 6*
247Ck%  89500%% B=0ox 10
2674 21293 B = 14.4 x 10
3043 31380
3266 94543



APPENDIX B

PRESENT EXPERIMENTAL DATA

The full scope of an experimental investigation is not suffi-
ciently represented merely by presenting the contact conductance
data obtained. Material properties and surface conditions of the
test macerials are as important as the conductance data. The signi-
ficant material properties useful in data analysis, including those
essential to this investigation, are presented in this section. The
specimen configuration, surface finish, surface hardness, thermal
conductivity, coefficient of thermal expansion and modulus of elas-
ticity are discussed briefly in terms of the property values used,
with the appropriate references cited. The thermal contact conduct-

ance data for this investigation are also presented in tabular form.

Specimen Configuration

Detailed drawings of the specimens are shown in Figures B-1 and
B-2, with the test surfaces noted. Identical specimen sets were
machined from aluminum 2024-T4, brass alloy 271, stainless steel 304,
and magnesium AZ31B. Each specimen set consisted of five pileces;
one source end, and two each of the center slug and sink or threaded
end. The contacting surfaces were numbered one through seven. Sur-
faces one and two were lapped and polished; three and four were

sanded; and five, six, and seven were peened.



Note 1

Drill and tap 2 holes,
4-40 thread, 1/2 inch
deep.

Note 2

Drill 3 holes, #56
drill, 17/32 inch
deep. All positions
+0.001 from each
other.

Note 3

Drill 1 hole, #56
drill, 3/32 inch
deep, 18C° opposite
center hole.

Note 4

All dimensions in
inches.

153

— 1.625 ——»
!-h 1.500 ——-—v
)

; 0.750

o
-
i

- an o w— o
—— -
-

3.125

0.125 5.25

-
i 0.502 )
_ol_
| 0.500
_?_ 2.00
| 0.500
— O
|

*o.soo‘ JL

ZN\ (:)
ke 1,000
+.0005
-.0N0

Figure B-1l. Detailed Drawing of the Source Specimen.



Note 1

Drill 3 holes, #56
dril1l, 17/32 inch
deep. All positioms
+0.001 from each
other.

Note 2

Drill 1 hole, #56
drill, 3/32 inch
deep, 180° opposite
center hole.

Note 3

All dimensions in
inches.

8 threads/inch

| 0.500
——?-—
' 0.500
_d_ 2.00
|
é 0.500
| *
0.500
¥
©RXO)
- 1.000 —
+.0005
--000
e 1.000 —»
+.0005
~.000 .
v
| 0.500 #
_..?_
| 0.500
' 0.500
_?_ ..*_
0.500
N |
i
4.00
2.00
\ / {

e Netailed Drawing of the Center and Sink Specimens.

154



155

Surface Finish Measurements

The condition of each specimen surface used in this investigation
was measured with a Bendix Micrometrical Proficorder and Profilometer.
Both the proficorder and prefilometer were set for 0.030-inch cutoff.
The stylus diameter on the proficorder was 0.0001 inches; however, a
0.005-inch diameter stylus was used on the profilometer. Several
traces were made on two specimens to assure that any random trace
would adequately represent the surface condition. The remainder of
the surfaces were then measured with one trace across the sample.

The resulting values for flatness and roughness deviations are listed

in Table B-1l.

Hardness

Although hardness data are not essential in determining the
experimental values of thermal contact conductance, hardness is one
of the factors considered in many analyses of contact conductance.
The hardness values were obtained for each type of surface with a
Wilson Rockwell Hardness Tester, Model 3-QR. A Kendent Diamond Cone
indentor was used for the harder surfaces, and a one-sixteenth-inch
diameter ball indentor was used for the remaining surfaces. A
series of indentations was made on each surface and the resulting
hardness - .dings were averaged. These values of hardness were then
converted to a Vickers hardness number by means of a Comparative
Hardness Chart published by the Riehle division of Ametek Corpor-tion.

The final hardness values are presented in Table B-1.
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TABLE B-1

SURFACF CHARACTERISTICS

Material Surface Flatness Roughness Hardness
—_— u in) (u_in) (Vickers)
Aluminum 1 15 2 131
2024-T4 2 20 3 131
3 400 55 133
4 530 63 133
5 3100 5 137
6 2800 8 137
7 3400 6 137
Stainless 1 20 2 203
3 150 36 206
4 180 30 206
5 4300 2 285
6 4300 3 285
7 3600 3 285
Magnesium 1 30 4 57
2 40 4 57
3 350 110 60
4 200 125 60
S5 3900 5 79
6 4200 7 79
7 4500 6 79
Brass Alloy 1 60 2 108
271 2 50 2 108
3 700 60 113
4 540 63 113
5 4500 7 160
6 4100 6 160
7 4700 7 160
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Thermal. Conductivity

Accurate knowledge of the specimen material thermal conductivity
is essential since it is used to calculate the heat flux across the
contacting interface. These conductivity values are generally avail-
able in the literature; however, some materials experience property
changes with annealing and must be individually determined. Since
aluminum is one of these materials with changeable properties, the
aluminum 2024-T4 specimens were annealed at 575°F for twenty-four
hours before use, to assure knowledge of specific conditions. An
apparatus was built to measure the thermal conductivity of solid
metallic materials [69]. Tests of the annealed aluminum were found
to agree very favorably with the published values presented by
Eldridge and Deem [30] and Goldsmith, et al [41]. The thermal con-
ductivity values for the remainder of the materials were selected
from the literature since heat treatment does not affect the thermal
material properties appreciably. The thermal conductivity for brass
alloy type 271* was obtained from data presented by Goldsmith, et al
[41] and by the Anaconda American Brass Company [5]. Thermal con-
ductivity data for magnesium AZ31Byere obtained from Eldridge ana
Deem [30] and the Dow Chemical Company [25, 26]. The thermal con-
ductivity values for stainless steel 304 were taken from Touloukian
[78], Goldsmith, et al [41], McAdams [56], and the United States
Steel Zompany [79]. The thermal conductivities for materials used in
this investigation are shown as a function of temperature in Figure

B"3 3

*Ene nev, Copgg5 Development Association designation for this alloy is
€ number .



Thermal Conductivity, Btu/hr ft °F
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Aluminum 2024 [30, 41]
Annealed at 575°F

Brass Alloy 271 [5, 41]

/

Magnesium AZ31B [25, 26, 30]

40 |
30 -
y 4
10k Stainless Steel 304 [41, 56, 78, 79]
;——""/—
0 | \ ] { [ | [
-200 =100 0 100 200 300 400 500

Temperature, °F

Figure B-3. Variation of Thermal Conductivity with Temperature
for Aluminum, Stainless Steel, Brass, and
Magnesium.
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Coefficient of Thermal Expausion

The coefficient of thermal expansion was used in the formulation
of the dimensionless parameters used in this investigaticn. These
coefficients were obtained from published data for aluminum (2, 3, 12],
scainless steel [39, 79], brass [5], and magnesium [25, 26]. Since
the values of these coefficients are not highly temperature dependent
over the range of temperatures used in this investigation, constant

values were selected as:

aluminum 2024 = (0.0000122 inch/inch °F

brass alloy 271

B

stainless steel 304 B8 = 0.0000095 inch/inch °F
B8 = 0.0000118 inch/inch °F
8

= (0.0000144 inch/inch °F

magnesium AZ31B

Modulus of Elasticity

Knowledge of the modulus of elasticity, like hardness, is not
essential for determination of experimental values of contact con-
ductance; however, it is used in many empirica’ analyses. hence,
1ppropriate modulus values have been determined for materials used
in this investigation and are presented as a function of temperature
in Figure B-4. The modulus of elasticity of w=tals is generally a
function of temperature, and this etfect shculd rot be neglected.
The modulus of elasticity for brass alloy <.l was determined through
information provided by the Anaconda America: Brass Company [5] and
Clausing [20]. Modulus data for aluminum 2024-T4 were calculated
from information given by the Aluminum Company of America [3], the

Alcoa Handbook [2], and Birdsall [12]. Stainless steel modulus data
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Modulus of Elasticity, psi x 10
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Figure B-4. Variation of Modulus of Elasticity with Temperature
foir Aluminum, Stainless Steel, Brass, and
Magnesium.
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were taken from the United States Steel Handbook [79] and Garofalo, et
al [39]. The curve for magnesium AZ3lB was obtained from material

provided by the Dow Chemical Company [26].

Contact Conductance Data

Thermal contact conductance was defined in Chapter I by the

relationship:
hc = g/A
AT

where AT is the temperature difference at the contact ‘nterface. The
axial temperatures were plotted versus the distance from the interface,
and graphically extrapolated to the interface. In addition, a linear
least squares fit of the data was made for each test run to find the
temperatures at the interface. The difference between the interface
temperatures provided the AT across the contact. The heat flux, q/A,
in the specimen was found from the calculated temperature gradients
in the specimen and the thermal conductivity (Figure B-3), both of
which were determined from the temperatures measured along the speci-
men center-line. As a check, the heat flux was also determined by
subtracting the estimated heat losses from the measured heat input
and was then compared with the heat flux calculated by use of the
thermal conductivity and temperature gradient. The average differ-
ence between these heat fluxes was approximately 10 percent. The
experimental results of thermal contact conductance obtained in this
investigation are listed in Table B-2 through Table B-6.

The repeatability of the experimental data was checked by con-

ducting a second series of runs for the aluminum specimens at similar
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test conditions. Before these check runs, the test specimens were
separated and the system was shut down for several hours. The
experimental procedure was the same as that used for the initial
tests. The energy input to the source heater and the contact
pressure were reproduced as closely as possible. The data for these
repeatability tests are shown in Table B-2. Further substantiation
of the repeatability of data using this apparatus has been given by
Smuda, et al [69].

An uncertainty analysis was performed to estimate the range of
error in the heat flux and thermal contact conductance. Uncertainty
for the heat flux was approximately 7 percent. Uncertainty for the
thermal contact conductance data is given as a function of apparent

pressure in Appendix C.



APPENDIX C

UNCERTAINTY ANALYSIS

An experimental investigation is not complete without an estima-
tion of the uncertainties in the measured quantities. The uncertainty
in a particular result may be given as a percent of the calculated

value, R, by the expansion [65]:
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The delta terms are the uncertainties associated with their respective
measured quantities such as temperature or length. Thus, it was nec-

essary to determine the uncertainty in each of the variables measured

in this investigation.

The temperatures were measured with copper-constantan thermo-
couples and a Leeds and Northrup 8686 millivolt potentiometer. One-
half of the smallest scale division on the potentiometer was 2.5
microvolts, which corresponds to 0.1°F for the conditicis used. As a
result of a thermocouple calibration [69], the thermocouples were
found to be accurate to * 0.5°F over the temperature range used.
Thus, the uncertainty in the temperature was estimated to be 0.5°F.

The temperature gradient for determination of the heat flux was
found by taking the difference, AT, in the adjacent temperatures
recorded along the specimen and dividing it by the distance, Ax,

between the thermocouples used to measure the temperatures. According



to the estimated error in the temperatures, AT could deviate by as
much as 1°F. Several of the runs were plotted on an expanded scale
of temperature versus distance along the specimen. Analysis of the
temperature gradients indicated that the temperature differences
were seldom in error by more than 0.5°F.

Thermocouples were mounted in holes 0.047 inches in diameter
placed 0.500 inches apart. The lo. .tion of the holes was specified
to be within *0.001 inches; however, differences of 0.0l inches
occurred. Thus, the uncertainty in Ax was selected as 0.0l inches.

The thermal conductivity, k, was obtained from a graph of

thermal conductivity versus temperature where the smallest scale div-

ision of k was 0.5 Btu/hr sq ft °F (Figure B-3). The graph was
plotted from the values of thermal conductivity given in the refer-
ence material cited in Appendix B. Considering the effects of
graphical interpolation and the experimental uncertainty in k, the
uncertainty associated with thermal conductivity for all materials
was estimated to be 5 percent for the range of temperatures used.

The heat transfer rate was defined as:

AT
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and the uncertainty in the heat transfer rate was determined as

follows:
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Results of this expression varied from 2.1 to 6.4 percent for the

range of heat transfer rates used in this investigation.
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The temperature difference, AT,, in the thermal conductance

3?
equation was determined graphically as described in Appendix B. Two
graphs, rerresentative of the data, were plotted on an expanded scale
where tie smallest scale division for temperature was 0.5°F. Points
0.5°F above and below each data point were included to reflect the
probable error in the temperature measurements. The variations in
thermocouple location were included to reflect error in location. A
line of maximum and a line of minimum feasible slope were then drawn
through each of the two arrays of points. These four lines were
extrapolated to the interface to establish the maximum and minimum
probable temperatures for each side of the interface. The maximum
temperature difference, ATmax’ was established by taking the average
of the difference between the minimum upper and lower interface sur-
face difference; ATmin was determined in a similar manner using the
maximum upper and lower interface surface temperatures.

The contact conductance for each maximum and minimum junction
temperature difference was calculated using the average heat flux.
The uncertainty in the contact conductance was then determined as
the magnitude of the deviation from the mean value presented ir
Tables B-2 through B-6. The uncertainty may be found for the d:.
by locating the junction temperature difference for a given apparent
pressure in Figure C-1, and reading the magnitude deviation in
Figure C-2.

The uncertainty in the apparent interface pressure is determined

from the expression:
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Figure C-1. Veriation of Junction Temperature Difference
with Interface Pressure.
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The uncertainty in the load is five pounds, and the uncertainty in
the area results from a 0.00l1-inch uncertainty in the specimen
diameter. Results of this expression vary from 0.7 to 4.8 percent

for the range of loads used in this investigation.



